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SUMMARY. 
The aim of this work was the determination of the effects 
of gelling the electrolytes used in electrolytic capacitors of 
the type Ta/Ta205/ gel electrolyte/counter electrode. The 
investigation was divided between two main areas:- Firstly, the 
ionic conductivity of gel electrolytes was examined using Pt/Pt 
black electrodes. Secondly, the influence of various electrolytes 
on the properties of tantalum and Ta/Ta205 electrodes, and on the 
electrolytic capacitors was examined. 
The conductivity of a series of gels prepared from fumed 
silica and 40% sulphuric acid showed a non linear dependence on 
silica content, but was sensitive to the method of preparation. 
A standard mixing technique was developed and the reproducible 
conductivity of gels prepared by this method showed a linear 
decrease with increasing silica content. 
The conductance of gels prepared from a range of sulphuric 
acid and potassium chloride solutions with varying silica contents 
was measured at several temperatures. A linear decrease in 
conductance with increasing silica content was found for all gels 
except those prepared from O.OOlD H2S04 ,and O.OlD KCl which gave 
an increase in conductance. This.change;o~ slope is indicative 
of a change in conducting pathway and suggests that the surface 
" ' 
-, ".'" ... ,," 
conductance along the gel network swamped by the bulk conductance 
+ 
of the large excess of H ion at higher concentrations has become 
the favoured pathway. 
A method of predicting the linear decrease in the conductance 
of gels is described and the possible distributions of silica 
within the gel are discussed. 
The differential capacitance of the tantalum electrode 
was measured in a series of aqueous solutions using conventional 
polarized AC bridges. Two types of solution were used: solutions 
containing simple inorganic ions; and oxalate solutions. 
The results indicated that the tantalum pent oxide film 
invariably present on tantalum is extremely difficult to remove. 
However, there is some evidence that the oxide film is forced 
off the metal for a limited potential range in solutions 
containing oxalate as a,complexant. It is not possible to 
determine the point of zero charge potential because the 
concentration dependent diffuse layer minimum could not be 
identified and must presumably lie outside the experimentally 
available range. 
The breakdown processes of Ta/Ta205 were found to be inhibited 
by gelled sulphuric acid, but the electrical properties of oxide 
formed by anodization of tantalum foil in gelled sulphuric acid 
instead of the acid alone were unaffected, and no evidence of 
incorporation of silica into the oxide structure Was found. 
The effect of gelled electrolyte on the properties of 
capacitors was small. The improvement in stability to the effects 
of orientation and leakage through the seal for capacitors with 
gelled electrolyte has to be balanced against .the lower _550 C 
impedance for capacitors with ungelled electrolyte. 
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1 
THE INTRODUCTION. 
1. 1. The project was initiated by the Tantalum Capacitor Diyision of 
The Plessey Company Ltd. in an attempt to increase the basic understanding 
of the processes occuring within a tantalum electrolytic capacitor o'f the 
type: 
Ta/Ta205/"gelled" sulphuric acid electrolyte/Ta counter 
electrode. A diagrammatic section through such a capacitor 
is given in fig 1. 1. 
The most important part of any electrolytic capacitor is the oxide 
film produced on a metal by anodization, and acting as the dielectric. 
For.this case the dielectric is a film of tantalum pentoxide. Although 
most metals will form an oxide during corrosion, there are a few which 
form a highly tenacious continuous oxide. The oxide forms a protective 
layer preventing further attack on the metal and normally reaches a 
limiting thickness. The thickness of the oxide may be enhanced by 
anodizing the metal in an electrolytic bath. The process of anodization, 
see Roar (1959), Young (1961), or Campbell (1966, 1971) involves making 
the metal the anode of an electrode system and applying a potential across 
the electrodes. Metals in this category include zirconium, niobium, 
silicon, aluminium, and tantalum, the last two being widely used 
commercially in electrolytic capacitors. The thickness of the oxide 
after anodization is dependent on the potential applied. The maximum 
thickness for tantalum is approximately 1.1 pm, and a useful rUle of 
thumb is that the oxide increases by 1.6 nm for each volt applied. 
The tantalum pentoxide is a dense, relatively inert substance 
highly resistant to acids. It may only be brought into solution by 
fusing with alkali hydrogen SUlphate, alkali carbonate, or hydroxide 
Figure 1. 1 • 
. TANTALUM CAPACITOR 
Solder coated 
anode tag 
~ Nickel 
~~~~--------------------------~~~~~Coining 
PTFE gasket 
oining 
Tantalum anode 
l~========T===~~===r==~~~~- Electrolyte Glass fibre' Tantalum cathode 
insulation Nickel cup 
or by treatment with hydrofluoric acid. Tantalum is also very 
resistant to chemical attack because it is invariably covered with 
a thin protective layer of oxide. The best solvent is a mixture of 
nitric and hydrofluorie acids resulting in a solution containing 
fluoro complexes. Therefore tantalum capacitors are of special 
value in the dem~d~ng environments of avionics and military equipment. 
Tantalum can be obtained in the form of a high quality (99.9~fo) 
"-
powder with a particle size of 4-10 JUn diameter, and of narrow particle 
size distribution. The powder may be sintered by heating to 2000oC, 
with the secondary advantage of removing impurities from the surface 
of the tantalum particles. 
1. 2. The Manufacture of Tantalum Capacitors. 
The anode of the tantalum capacitor is formed by pressing the powder 
mixed with a small quantity of wax as a binding agent into the desired 
shape around· a tantalum support wire or cup. The powder body is 
heated under vacuum to remove the wax before the temperature is 
raised to 20000 C to give a porous sintered body of large surface areal 
unit volume. The porous body is anodized to form a tantalum pentoxide 
layer of the required thickness. 
than 7,000 JlF gm-I is attainable 
for the 4 fll" diameter particles. 
By this method a capacitance of more 
which is equivalent to 7.47 JlF cm-2 
The porous cathode, also of tantalum, is supported in a nickel cup, 
and is anodized at low voltage to give a thin oxide dielectric which 
2 
gives the capacitor a partial protection under reverse voltage conditions. 
Prior to assembly of the capacitor and the addition of a metered 
amount of "gelled" electrolyte, both anode and cathode are pre-soaked 
with a small amount of 4~fo by weight sulphuric acid. 
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If the gel electrolyte is added to the dry components, some of the 
acid is drawn into the porous bodies and the conducting pata between 
the electrodes of the capacitor may be greatly reduced or broken due 
to air bubbles, causing the capacitor to fail. 
The seal, designed for maximum electrolyte retention and to 
minimise vapour diffusion from the capacitor, comprises a PTFE 
gasket clam~ed between the coined plates of the anode and cathode 
by a work hardened nickel clamp ring. ""-There is also glass fibre 
insulation between the cathode and the nickel clamp ring. This 
provides a very efficient seal of high reliability, essential 
because of the nature of the electrolyte and of advantage in severe 
environments. 
The assembly requires a small air gap of ~ l~fo of the volume 
available to the gelled electrolyte because of the need to rigidly 
exclude any acid or gelled electrolyte from the coined plates of the 
anode and cathode, see fig. 1.1. Failure in this respect leads to 
a high leakage current for the capacitor. 
1. 3. Comparison of Electrolytic Capacitors. 
In order to compare the.performance. of c.apaci.tors.the.capacitance 
and power factor are normally quoted. These parameters are based 
on the assumption that the equivalent circuit of the component is 
that of a resistor and capacitor in series. The equivalent series 
capacitance obtained using this assumption is not of necessity 
that of the anodic oxide dielectric alone. 
Consider the double layer on a film-free metal in an electrolyte. 
This situation may be described in terms of the simple model of a layer 
of charge on the metal facing a layer of charge of the opposite sign 
due to an excess of ions of one sign in the adjacent solution. The 
various models and theories of the double layer of the metal/solution 
interface are discussed in chapter 2. In a concentrated solution the 
two layers are as close as the pnysical size of the ions permits, thus 
producing a large capacitance per unit area of electrode. The 
capacitance, e, may be calculated using the simple Helmholtz 
expression for a parallel plate capacitor: 
e = .EA 
ii7tii 
1.1. 
Where E = dielectric constant, A = area, and d = distance of 
separation. 
The effect of an oxide film on tantalum may be considered to be 
that of an insulating dielectric causing a larger separation of the 
two layers of charge, and therefore a reduction in the capacitance. 
This simple model has support from the experimental observation that 
the reciprocal of the capacity is found to be very accurately linearly 
dependent on the film thickness (Young, 1961). Departure from this 
behaviour is, due to flaws in the oxide fillll Which provides leakage 
conductance. 
The equivalent circuit for such a film is: 
Hadl 
C 
a 
where Hadl is the anode dielectric 
capacitance of the anode. 
leakage resistance and e is the 
a 
The equivalent circuit for a fixed electrolytic capacitor has 
been represented in several ways:-
1. Head {1962} used the circuit Hadl 
R 
e 
C 
·a 
where Eb' i~ the electrolyte resistance and Lt is the total 
inductance of the capacitor. 
2. Harris (197~) in his review of trends in the ~ -
design and performance of tantalum capacitors used: 
Ca 
C Rad! c Ccap Ca ~ Cc 1.2. = 
---1 C + C· a c tan d = C R 1.3. cap 
3. A more complete equivalent circuit (after Campbell,1971) 
for a tantalum capacitor is: R 
. cdl 
C 
a 
where Ra and Rc are the resistance 
C 
c 
of the tantalUJll of 
the anode and caihode respectively, ~dl and Red! are 
the resistances of the anode and cathode dielectric 
leakages, Ca'and Cc are the capacitances of the anode 
and cathode, R is the resIstance of the electrolyte 
e 
and Lt is the total inductance of the circuit. 
The two resistances R and R may be ignored 
a c 
compared to Re' and at low frequencies Lt may also 
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be neglected. Furthermore the capacitance of the 
cathode may be neglected as it is very small relative 
to that of the anode. Thus the circuit simplifies to: 
C R 
a' e 
---11 NWJ'-
provided the contributions Ra' Rc' Rcdl~ ~. RadI~ and Cc 
may be ignored. 
Consider this model for the anode of the capacitor in an 
electrolyte with a counter electrode ie Ta/Ta205/electrolyte/ 
electrode. When a potential is applied across the cell and 
balanced by an AC bridge the results may be e~pressed in terms of 
the equivalent series or parallel combinations of resistance and 
capacitance for the cell as a Whole. 
The two measurements are related by the e~ressions: 
R ~ R (1+~2C2R2) 
B P PP 1. 4. 
C ~ C (1+1/~2C2R2) 
B P pp 1. 5. 
where w = 27tf and f is the frequency. If the impedance of 
the counter electrode,and the electrolyte resistance can be 
determined separately then the contribution of the o~ide film to 
the measured values can be calculated. 
For an ideal capacitor the" vol tage and current would be 900 
out of phase and there would be no dissipation of power ie 
6 
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For real capacitors the behaviour is expressed in various ways. 
The mean rate of power dissipation for AC is given by VICos ~ 
, ... here ff is the phase angle between V and I. Cos ~ is referred to 
as the power factor and is in general a function of the frequency: 
Cos ~ = WCR 1.6 
The deviation of ~ from the ideal value of 900 is called the loss 
angle d, ie d 
• 0 
= (90 - ff)· The loss tangent tan d, is given by 
tan d = W Cs Ra. 
Tan d, Cos ff , and d are all-nearly equal for a good capacitor, 
because for small d 
tan d ~ sin d = Cos ~ ~ d (radians) 1. 7. 
The loss tangent is sometimes split into two contributions 
, . 
tan d = tan d + w eR · ... here tan d is the intrinsic loss and is 
frequency independent. Tan d' is usually determined from a plot 
of tan d versus frequency by extrapolation to zero frequency. 
Although the behaviour of electrolytic capacitors is too 
complex to be described adequately by the simple equivalent 
circuit, a number of useful generalisations may be stated 
(Franklin, 1961):-
1. The capacitance is approximately that of the anode 
and cathode in series provided that the length of the 
electrolyte path between all regions of the anode and 
. 
corresponding regions of the cathode is constant, and 
that the electrodes have no appreciable inductance. 
2. For porous electrodes, such· as those in tantalUlll 
electrolytic capacitors, there are unequal path lengths 
between the cathode and various parts of the dielectric, 
the capacitance may be less than the above value and 
there is a greater dependence of capacitance and power 
factor on the frequency of the alternating test voltage. 
The effect is greatest for the least conductive electrolytes. 
see Morley (1970), and ~lorley and campbell (1973). 
3. If the electrodes are appreciably inductive similar 
effects to that obtained for porous electrodes may be 
found. 
~. The capacitance increases as the temperature is 
raised e.g. see Coursey (1937), Deeley (1938), Georgiev 
(19~5) or Gaut (1957) and the magnitude of the change is 
dependent on the construction of the capacitor and, 
particularly at low temperatures, on the resistivity of 
the electrolyte. 
5. The power factor is very high at low temperature 
owing to the high resistivity of the electrolyte, but 
falls when the temperature is raised because the electrolyte 
becomes more conductive, reaching a minimum at a temperature 
o in the range ~O - 100 C. 
8 
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6. At higher temperatures the power factor is increased, 
probably because of increases in the dielectric losses 
of the oxide film. 
7. As the frequency of the alternsting test voltage is 
raised the equivalent series resistance drops to a 
-
fairly constant value which is approximately the same 
as the electrolyte resistance. Young (1955). 
8. For most cspacitors over restricted ranges the 
reciprocal of capacitance is linearly dependent on the 
logarithm of the frequency of the alternating test voltage, 
and the equivalent series resistance minus the electrolyte 
resistance is proportional to the periodic time, Young (1955). 
These relationships can be explained in terms of the ionic 
relaxation of ions moving in the oxide film occuring with 
such a wide range of relaxation times due to the amorphous 
nature of the film that an almost frequency independent 
tan d is produced, see Winkel and de Groot (1958) and 
Young (1959). 
The effect of the resistance of the electrolyte in determining 
the final properties of the capacitor explains the choice of the 
highly conductive sulphuric acid electrolyte for use in tantalum 
capacitors. In order to give the desired standard of performance 
there is a need to maintain a high conductivity (low dissipation) 
o 0 
over the temperature range -55 C to +125 c. 
During the early development of tantalum electrolytic capacitors 
two main problems were identified relating to the use of sulphuric acid 
electrolyte: failure of the casing, i.e. leakage of acid; and the 
development of orientation sensitivity of the capacitance due to 
movement of the electrolyte within the capacitor. The attractive 
solution to these problems is the use of electrolyte contained in • 
a gel system as the 'solution phase of the capacitor. 
The gelling,medium in common use in the Capacitor Industry at 
present is fumed silica, chosen for its compatibility with sulphuric 
" 
acid, ease of handling, and low cost. Fumed silica has found a similar 
use in the Accummulator Industry for the stabilising of the sulphuric 
acid electrolyte in certain storage batteries e.g. Rauter (1965). 
1. q. Scope of the work. 
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The main aim of this work waB the investigation of ,ths'effectir 1)f addi tion 
of fumed silica to sulphuric acid electrolyte on the double layer 
characteristics at the electrode-electrolyte interface. This aim 
would have most readily been achieved by measuring the impedance of the 
electrode-electrolyte combination. However, the oxide-metal electrode 
is difficult to reproduce exactly and would have produced capacitative 
dispersion due to the dielectric leakage, and any cracks, pores, or 
other surface inhomogeneity would have produced a marked effect in the 
de Levie sense (de Levie (1967) ). 
Consequently, the investigation was divided into three parts:-
1. The ionic conductance of the silica-sulphuric acid 
electrolyte system was to be examined using model 
electrodes at whicb dispersion would be expected to 
be minimum, i.e. Pt/Pt black electrodes. 
It was also hoped to examine other electrolyte systems 
that might offer any possible technological advantage. 
2. The second part of the work was to be concerned 
with the properties of a tantalum/tantalum pentoxide 
electrode in contact with various electrolytes 
including gelled electrolytes. 
}. Some time was also allocated to be spent at The 
Plessey Co. Ltd. developing ideas formulated at Loughboreugh. 
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CHAPTER 2 
2. 1. The Interface. 
In the previous chapt.erthe equivalent· ~ircuit used,to compare 
the electrical properties of the anodic part of a capacitor was 
derived from a very simple model of the electrical double layer 
at the metal-oxide/solution interface. An, understanding of the 
theoretical ' background and the experimental techniques available 
to study the double layer are required before this simple model 
. 
can be. accepted and experimental investigations devised and 
interpreted. 
The theory of the properties of the metal/solution interface 
has developed from the investigation of a metal in contact with a 
dilute solution of a simple electrolyte, and particularly from the 
study of the mercury-electrolyte Bolution interface. Mercury is 
of particular value in this context as' it is readily available in a 
high state of purity, and because it is a liquid at room temperature 
the complications of surface roughness, and the determination of true 
surface areas,are not encountered. Furthermore, mercury, unlike most 
solid metals, does not suffer from the adsorption of oxygen and 
hydrogen from most aqueous solutions. 
The formation of an interface will nearly always involve 
some redistribution of the electrical charge associated with the 
particles drawn from the bulk or homogeneous portion of the phase 
to form the interfacial region (layer). The redistribution is 
described in terms of the formation of the electrical double layer, 
a general term for the structure of the interfacial region, which 
may in practice consist of a number of distinct layers or regions. 
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Four types of redistribution may be distinguished: 
1. Charge transfer across the interface. 
2. Unequal adsorption of ions of opposite charge. 
3. Adsorption ,and orientation of dipolar molecules. 
~. Deformation"of polarizab~e atoms or molecules 
in tke-Unsymmetrical force field at the 
interface. 
The thermodynamic analysis of the electrode/electrolyte 
interf;ce is considerably simplified in the absence of any electrode 
reactions whether oxidation or reduction processes. Electrodes 
fulfilling this condition i.e. when under an alplied potential 
no charges, electrons, or ions are transferred across the interface 
and hence electrochemical equilibrium is unattainable, were termed 
ideal polarized electrodes by Grahame and Whitney (1942). 
The mercury/solution interface can be made such that it may be 
considered to be ideally polarizable, and is particularly favourable 
because the high over-voltage for hydrogen evolution gives a wider 
range of applied potentials accessible experimentally than for 
other electrodes. 
The tendency ofa liquid body to contract its surface, and, 
when unconstrained and in the absence of a gravitational field, to 
assume,a spherical shape has long been recognised to be associated 
with the intermolecular forces at the interface between the liquid 
and its surroundings, usually gaseous. The tendency to contraction 
is described in terms of an interfacial tension r . The interfacial 
region is considered to be a separate phase of characteristic 
composition, see fig. 2. I, homogeneous in two directions as 
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Fig. 2.1 The Interface between Two Phases. 
Homogeneous Netal 
Interface 
Homogeneous Solution 
Fig. 2.2 Gibbs Nodel of the Interface 
Homogeneous Hetal 
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Homogeneous Solution 
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compared to the three directions of a bulk phase. For simplicity 
only flat interfaces will be considered. The interfacial tension 
of a curved interface has t~e same value as that of a flat int~rface 
provided the radius of curvature is not of the order of molecular 
dimensions. ~ 
Gibbs (1928) postulated a simple model of the interface of 
two phases for thermodynamic analysis. The two bulk phases were 
considered to be homogeneous up to a hypothetical dividing surface 
located within the interfacial region, see fig. 2.2 • At the 
dividing surface one of the components has a surface excess,r;, of 
zero, and the other component is adsorbed and has a surface excess,T.;. 
The surface excess of the adsorbed species at the interface is 
related to the change in the interfacial te~sion,dl' by the equation: 
2.1. 
where R = gas constant, T = temperature (K), a = activitY2 • 
This equation was shown to be applicable to the ideally polarized 
electrode without loss of rigour and with much simplification by 
Grahame and Whitney (1942) • 
Grahame (1947) reviewed the background of this treatment, 
Parsons and Devanathan (1953) have given a very thorough analysis, 
and .Parsons (1954) has used a particUlar case of his general 
treatment to demonstrate the essential points in the derivation 
of the equation: 
2.2. 
which relates the change in interfacial tension,~,to the charge,q, 
per unit area on the metal. The potential of the electrode 
• 
is ~ with respect to a reference electrode which is reversible to 
either the cation (E +) or the anion (E.). The surface excess of 
adsorbed species is r 1. ' eit.i.er anion fl'_) or cation (r+), and the 
change in chemical potential of "the other species is d p. 
The equation is valid only for constant pressure, temperature and 
. 
electrode compo~ition. 
---. ~ 
Rearangement of equation'2. 2 enables the cbarge per unit area 
on the electrode to be given by ~ 
'" = -(5i-) 
which is the Lip~mann equation.(1875). 
2. 3. 
2. 2. Experimental methods of examining the Double Layer. 
From equation 2.3 it is apparent that a useful method of 
investigating the metal-solution interface is to determine the charge 
from the variation in interfacial tension with applied potential. 
(The potential is measured relative to that of a reversible reference 
electrode e.g. standard calomel electroda.) There are several 
experimental techniques available for this purpese: 
1. The capillary electrometer, see fig. 2.3. was 
first used,by Lippmann (1875) and is an example 
of the capillary rise method of determining 
iuterfacial tension. Consequen~ly. the plots 
of interfacial tension versus applied potential 
are commonly referred to as e~rocapillary curves. 
The interfacial tension is proportional to the 
height of mercury required to bring the interface 
to a given point on the capillary. 
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2. The dropping mercury electrode, which utilises 
the drop weight method of determining interfacial 
tension, is shown schematically in fig. 2.%. The 
drop weight is proportional to the interfacial 
tension," and the proportionality constant may be 
determined.empirically.or theoretically. 
3. A method which has regained importance in recent 
years with the development of on-line computer 
techniques which both run the experiment and 
analyse the results is the maximum bubble pressure. 
In this technique the. capillary is turned upwards 
and the pressure of-mercury is slowly increased. 
There is a,eritical pressure beyond which the 
mercury drop on the capillary is unstable and the 
drop bursts. This critical pressure is linearly 
related to the interfacial tension, and its 
vsriation with applied potential may be measured, 
allowing an electrocapillary curve to be drawn. 
To obtain reliable and reproducible electrocapillary curves the 
apparatus used must b"e scrupiously cleaned, the chemicals thoroughly 
purified, and the solutions must be deoxygenated. If reducible 
substances are present electrochemical reactions might take place 
at the interface and an electri'c current may flow. For this 
situation the interface is no longer ideally polarised and the 
potential is no longer an independent variable. 
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The electrocapillary CurTes have the general shape of a parabola. 
They vary markedly with the nature of the electrolyte at the more 
positive potentials, but often coincide at very negative potentials. 
The charge ~ hBBthe val~e zero at the apex of the parabola, and the 
potential corresponding to this point is termed the zero charge 
potential or the_po,tential of the electrocapillary maxilllUlll, Eecm. 
For solid metals the same data as for mercury are required, but 
there are no experimental methods available for measuring the absolute 
. . 
value of the interfacial tension between a solid metal and a solution. 
However, the change in'interfacial tension can be obtained from the 
measurement of the contact angle,E), between a gas bubble and ,a 
metal surface immersed in a·' solution. Holler (1908) measured the 
contact angle of an electrolyte with different metals and showed that 
it varied with the potential on the metal. Frumkin (1932, 193~) has 
extended this work for a wide range of metals. 
'Rehbinder and Wenstrom (19~~) have measured the logarithmic 
decrement of the oscillations of a Herbert pendulUDI 'Whose suspension 
is a sphere resting on the metal surface covered with electrolyte. 
The decrement is related to the interfacial tension of the metal-
electrolyte system. "Bockris and Parry-Jones (1953) have shown that 
Eecm for amalgamated copper determined by this method is in agreement 
with Eecm derived from other methods. Ths pendulum method provides 
a useful method of determining Eecm for solid metals. 
Another method of investigating the solid metal/solution interface 
is the determination of the surface charge from current measurements. 
The amount'of electricity 'Which must be passed into an electrode of 
known and constant area e.g. standing drop or solid electrode, in order 
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to change the potential by a given amount is measured. A similar result 
may be obtained from observing the rate of decay of electrode potential 
on open circuit provided that the rates of any electrode processes 
occuring are known from independent measurements. 
The last and p~obably the most useful of the methods available for 
studying the ele,ctrode/solution interface is the measurement of the 
electrode capacity~ The capacity may be obtained in three ways:-
1. by the double-differentiation of the electrocapillary 
curve versus potential • 
. 
2. from the slope of the charge versus potential curve 
obtained by current measurements. 
3. by direct measurement using AC techniques. 
1. The electrocapillary curyes haTe the general shape 
of a parabola e.g. fig.2.5a from Grahame (19'>7). 
This implies that the second derivative of ~he 
interfacial tension with respect to the applied 
Potential.E.which is the differential capacity, C, 
would be constant if. E is varied. 
This is found to.be a very crude approximation as 
shown by the typical plots of C versus E shown in 
~ig. 2. 5b. Consequently there is a deal of uncertainty 
over the.theoretical and experimental implications of the 
results derived from electrocapillary curves. 
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Fig. 2.5a. Typical Electrocapillary Curves. 
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2. The results obtained from current measurements 
are difficult to interpret if formation of an 
adsorbed layer occurs, or if currents due to 
depolarization reactions are of the same order 
, 
of magnitude as the charging current. Consequently 
." capaci'!;ies are usually determined directly using AC 
- " . 
techniques. 
3. The AC methods are the most versatile and accurate way 
to determine capacities, and have been widely used. 
Wein (1896) measured the capacity of electrodes by 
means of an AC bridge of similar construction to 
that used for measuring the electrical conductivity 
of solutions. The capacitative part of the cell 
impedance was balanced by an inductance in series 
with the cell. 
Much of the early work is invalid due to contaminated electrodes, 
the first satisfactory results for a clean electrode were obtained by 
Proskurnin and Frumkin (1935). G~aham (19~1, 19~9) combined the 
dropping mercury electrode with an AC bridge and has pUblished a series 
of results for mercury in aqueous solution for which he claims an 
accuracy of 1% on capacities lower than 30jiF cm-2 and a relative 
accuracy of 0.1%. The equipment used by Grahame with the modifications 
of Hills and Payne (1965, 1965) is shown schematically in fig. 2. 6. 
Since the auxilIary electrode has a very large surface area relative to 
19 
that of the droplet, it is the latter which determines the total capacity. 
An alternative but less accurate method than the AC bridge method 
is the direct measurement of the alternating potential difference 
produced across the test cell by a known alternating current e.g. 
Borisova and Proskurnin (1936, 19~0, 19~7). The method was improved by 
Fig. 2.6. Schematic Diagram of thc.Dropping Hercury Electrode and AC nridge used for Capacity Heasurements. 
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Randles (191t7) wo made the instrument phase sensitive. This 
improved method provides the same information as the bridge method, 
but it is unlikely to be as accurate as the bridge method wich is ~ 
null method. However the phase sensitive method may well gain in 
importance as i~ is readily adapted to on-line computer control. 
2. 3. Theories of the Double Layer. 
The results obtained .from .the .diI.ferent..exper.imental. methods 'of 
examining the interface outlined above have led to the proposal of 
various theories and models of the metal/solution interface. 
The term "double-layer" vas first used by Helmholtz (1853) to 
describe the array of 'charges at the interface of two dissimilar 
metals: 
metal 1 
metal 2 
Helmholtz (1879) 
+++++ 
compared the double layer of the metal l/metal 2 
interface with that of the platinum/a~eous solution interface. 
This. model of the double layer in its simplest form of two charge 
layers wose thickness and distance apart are of atomic dimensions 
postulated by Helmholtz (1879) (and QUlncke (1861) ) allows the 
distribution of·the potential and of the particles to be calculated 
from the classical electrostatic theory for a parallel plate capacitor. 
However calculations using this simple model left most of the 
electrocapillary curve unexplained. 
The simple model was improved by Gouy (1910, 1917) wo pointed 
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out that the electrostatic interaction between the field and charges on 
the ions is counteracted by random thermal motion which would cause a 
degree of diffuseness on the charge on the solution side of the interface. 
------------------------------------------------------1 
I • • 
A similar theory was proposed independently by Chapman (1913). 
The calculation is very similar to the ion atmosphere theory of 
Debye and Hucke1 (1923) which is based on the same premises • 
. Both theories use a ~oisson-BoltzllJS.nn equation as their basis. 
The assumptions of the Gony-Chapman model are:-
.~ "-
1. . the volume of an ion is zero, i.e. point charges. 
2. the value of the di'electric constant is. .independent 
of theionic concentration and of the field strength 
in the diffuse layer, and is therefore constant. 
the potentials appearing.in the.PoisBonequation, 
which relates the potential at any point to the 
charge density at that point, are identical to 
those of the Boltzmann equations for the distribution 
of the ions. 
The Gon1-Chapman diffu~double-layer model as it came to be 
known represents a substantial improvement over the H&lmholtz model 
in that a dependence of the differential capacity on both potential 
and concentration is predicted. However, large discrepancies between 
theoretical predictions and experimental results were still found, the 
measured capacities were nearly always much lower than the calculated 
values except in very dilute solution. The variation of capacity with 
potential observed experimentally only agrees with the predicted values 
at potentials near the potentiai of zer.o charge and for very dilute 
solutions. 
A major cause for the discrepancies was that the compact part 
of the interface had been overlooked. The theory was modified 
accordingly by stern (1924), who combined the two previous models 
to give a model consisting of a monolayer of ions on the electrode 
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with the remaining ions in a diffuse layer according to the Gouy-
Chapman model. He also accounted for the finite size of the ions 
by postulating that the non-~dsorbed ions could not reach the 
electrode beyond a plane of closest approach. He assumed the 
same plane 'for both cations and anions, but indicated in a footnote 
that this assumption might not be"valid. Thus in the stern model 
there are effectively two capacitors operative in determining the 
total differential capacity of the interface. For convenience 
CH will.beused to denote the capacity due to the,Helmholtz or 
compact layer and CG for the capacity due to the diffuse layer, 
which extends from the plane of closest approach to the bulk 
solution. Since the two regions are adjacent to each other, the 
two capacitors will act in series, and the total capacitance,C, 
will be given by: 
I = I 
C ~ 
This is of great importance because it shows that the smaller 
of the two contributions viII be predominant in determining the 
total capacitance. Although this model was an improvement on the 
previous description, the conflict between experimental results and 
theoretical predictions remained. 
Grahame (19~7) used the Stern model to develop a model of the 
interface consisting of three layers although it is still commonly 
referred to as a double layer. The first region extends from the 
electrode to a plane passing through the centres of the adsorbed 
ions(anions),usually called the inner Helmholtz plane. The next 
layer consists of the hydrated cations at their distance of closest 
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approach, and the plane through their centres is known as the outer 
Helmholtz plane. The final layer between the outer Helmholtz plADe 
and the bulk solution is the diffuse layer of Gouy-Chapman. Grahame 
also suggested that the capacity of the compact layer was only 
, 
dependent,on the charge on the electrode and independent of electrolyte 
• 
concentration ~d obtained a reasonable agreement between experimental 
- '. -
and theoretical values for mercury in sodium floride. The differences 
between the various models and the predicted variation of potential 
with distance through the interface are most readily understood by 
comparing fig.2. 7 - 2. 10. 
Grahamet.s model gained considerable acceptance after his 
publication of a series of measurements more accurate than those of 
19~7 on the mercury/sodium fluoride solution interface in 195q and 
1957. The agreement between the experiment and predicted results 
was very good and the results are summarized in fig. 2.11. 
Grahame's model is the basis of the modern theory of the electrode/ 
solution interface. The results also demonstrate the small influence 
of the diffuse layer capacity on the total capacity of the interface, 
that it is likely that there is only 'a very small degree of adsorption 
of sodium fluoride en mercury, and that the capacity of the compact 
layer varies markedly with the charge on the electrode. 
In the theory of Gouy-Chapman-Stern the effect of the solvent has 
been neglected. One might expect to find a layer of solvent molecules 
attached to the electrode surface in a fixed orientation and probably 
several other layers with an orientation intermediate between that of 
the first layer and the bulk. This idea is analgous to the situation 
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Fig. 2.7 ITelmholtz Hodel of the Double Layer. 
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of a large central ion with primary and secondary solvation shells. 
Bockris,Devanathan and Muller (1963) have proposed a model of the 
donble layer which-explicitly takes into account the predominant 
existence of the solvent in the interphase. They suggest that in" 
aqueous solutions the majority of the electrode is covered with an 
orientated layer',.ofwater molecules; but on certain sites, the water 
molecules are replaced by specifically adsorbed ions which do not 
carry a hydration shell. The plane passing through the centres of 
these specifically adsorbed ions is the inner Helmholtz plane. 
Next are the ions which retain their hydration shell and are placed 
outside the primary layer of water molecules adsorbed on the electrode 
surface. The plane passing through their centres is the outer 
Helmholtz plane. This situation is shown in fig. 2. 12. 
The difference between ions in the inner and outer Helmholtz 
planes is of great importance because chemical work must be done 
to remove the hydration shell around the ion of the inner Helmholtz 
plane, and one or more water mol~cules,from the electrode surfaces. 
The final state is stabilized by the specific interactions 
between the ion and the surface. This effect is absent for the 
ions of the outer Helmholtz plane and the interactions are mainly 
electrostatic. 
Much of the work on the theory of the double layer since 1963 
has been concerned with the compact layer and has concentrated on the 
orientational behaviour of the layer of water molecules within this 
layer e.g. Levine, Bell, and Smith (1969) Damaskin & Frumkin (1974), 
Parsons (1975). 
Pi!:;. 2.12. 
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In a series of papers published over the last three years 
Cooper and Harrison (1975. 1977 a. b. e, 1978) have questioned this 
subdivision of~ the double layer into a concentration independent 
. 
compact layer and a diffuse region and particularly with regard 
, 
to the structure and properties of individual solvent molecules 
, . 
within the compact.layer. They point out that as the experimental 
measurements appertain to changes in the distribution of ions in a 
polar solvent in the transition zone between the metal and bulk 
electrolyte it is surprising that the highly structured and 
reproducible results are attributable solely to the orientational 
behaviour of water molecules in the liquid phase, particularly for 
the more concentrated solutions. They have therefore re-examined 
the whole problem from first principles, particularly with regard 
to the assumptions involved in separating the differential capacity 
into two independent series contributions. They conclude that ~the 
subdivision is in fact only formal and should not be interpreted 
literally as is' the present custom. and therefore a completely 
nel" approach is required. 
They have proposed (1977b ) such a new approach to the 
double layer in which it is treated as a single entity with no 
basis on the concepts of compact layer, inner or outer Relmholtz 
planes, or contact adsorption. The structure of the double layer 
is considered to arise specifically from the known differences 
between anions and cations in aqueous solution. 
The essential points of·the ~odel are: 
1. The net distributed charge e(z) acts at a mean distance 
<z> from the electrode. 
2. The differential capacity C is given by: 
C.~= C 
d~llE) <Z) + q( d<z> 7 dq ) 
,;here q is the surface charge density. 
AE is the potential drop between the electrode and 
bulk electrolyte, and 
E is the appropriate effective permittivity of the 
interface ( interfacial permittivity). 
e is dependent on the amount of free ( orientatable ) water in the 
interface, and is therefore determined by the extent of the interface. 
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£ will have a value approaching that of the bulk electrolyte when 
<z> is large, for example in dilute electrolyte and low values of 
Iql , and will have a small value corresponding to very little 
free water in the interface \,hen (z> is small as in the case of 
high concentrations of electrolyte and large values of Iql. 
The small values of C at high concentrations is consistent with 
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the similarities of C-q data at high Iql irrespective of concentration. 
The well known I humps ' in the .C-q curves which occur at different 
. 
values of q for different anions and the variable decreasing 
portion following the hump is explained by this model in terms of 
a temporary increase in <z> with q, before the ultimate continuous 
decrease at more positive values of q. The temporary increase in 
<z) is considered to arise from an ionic redistribution at the 
interface, caused by anions and cations entering the interface as 
q increases. The differences in absolute values of differential 
capacity are related to the fact that small anions can approach 
more closely to the electrode, and in greater numbers, than the 
larger hydrated anions coupled with the likely suggestion that 
anions are to be found closer to the electrode on average because 
of their kno\;n smaller size compared to cations. Therefore the 
Cooper - Harrison approach to the double layer qualitatively 
explains the general behaviour of the C-q curves in terms of 
variations in <z) determined by the different effective sizes of 
anions and cations in aqueous solution. Of particular significance 
is the use of the mean distauce <z> of the net ion excess from 
the electrode which permits future incorporation of detailed 
statistical theories for the excess ion distributions ~ (z) at 
+ 
the interface, and this may well be instrumental in producing 
an approach to the double layer capable of explaining all the 
experimental results. 
- - ----------------------------------------------------------------------------------, 
The models of the double layer discussed have been for the case 
where the point of zero charge potential, E is electrolyte 
. ecm 
concentration independent, ~ich in terms of the Gouy-Chapman-Stern 
model is e~~lai~ed in terms of the absence of specific adsorption 
at the electrode. However, there are many electrode/electrolyte 
systems where E is markedly dependent on concentration, and 
ecm 
the dependence is discussed in terms of specific adsorption of 
either ionic or neutral species. 
For predominantly anion adsorption the E moves to more 
ecm 
negative potentials with increase in concentration, and to 
. positive potentials for predominantly cation adsorption. 
For the case where both cation and anion adsorption occurs the 
direction of shift of E may be reversed with change in 
ecm 
electrolyte concentration. 
The adsorption of neutral species and some bulky organic 
ions gives rise to two peaks in the C vs E curve as sho\m in 
fig. 2.13 • The t\<o peaks correspond to the t\<o regions of the 
coverage vs E curve given in fig. 2.1~ • 
This aspect of the double layer will not be discussed 
further as there were no adsorption peaks on the C vs E curves 
for tantalum in ·the electrolytes examined, neither was thc point 
of zero charge potential identified. 
2.~. Double Layer Capacity of the Tantalum Electrode. 
From section 2.2 it is clear that the experimental 
problems encountered when trying to examine the metal-solution 
interface mean that the results for solid metal electrodes 
must. for the most part,be considered to be less reliable than 
those for mercury. The measurement of the double layer capacity 
using AC techniques coupled with the measurement of faradaic 
current vs potential appears to be the most useful method of 
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Fig. 2.13. Typic~l Differential Capacity vs Potential Curve for 
the Case of Adsorption of a Neutral Species. 
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studying the solid metal-solution interface. 
A review of the large number of capacity measurements 
reported for solid metals is outside .the scope of this thesis. 
It is sufficient to refer to some of the many partial reviews 
of the double layer that include some mention of the results 
on solid metals, see for example Parsons (195q), Delahay (1965) 
Frumkin (1955, 1960, 1963 ), and llampson (1972, 1973 ). 
In general the results on solid metals may be summarised 
as follows:-· 
1. The polarizable region available with solid metals often 
has a very limited potential range compared to that 
for mercury because of the high exchange currents for 
the hydrogen evolution reaction and the high affinity 
of the metals for oxygen. 
2. The various crystal faces of the metal may have quite 
marked differences in their properties, and this is 
mirrored by the differing values of the capacity 
minimum. 
3. For metal-electrolyte systems where specific adsorption 
effects or faradaic effects are absent, the minimum in 
the capacity vs potential plot, which may become more 
pronounced for dilute solutions, may be assigned with 
confidence as occurring at the potential of zero 
charge ( E ). 
ecm 
q. For systems ,dth specific adsorption, the effect of 
frequency on the capacity permits an estimation of the 
adsorption to be made. 
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In section 1.1 it was mentioned that tantalum is 
invariably covered ,dth a thin protective layer of oxide (Ta205) 
for all pH's in aqueous sol~tion. Therefore the behaviour of 
tantalum will d~pend essentially on the behaviour of the oxide 
towards the ,solutions considered. Depending on whether or not 
this layer'i,s of good quality i.e. compact, impervious, continuous 
and thermodynamically stable or unstable in the surrounding 
medium, tantalum will behave as either an uncorrodible or a 
corrodible metal. 
The measurement of the double layer capacity of a clean 
tantalum electrode surface in aqueous solution has therefore 
been considered to be impossible because of the protective 
oxide film, sec Udupa and Venkatesan (197q). Brodd and 
Hackermann (1957) and also HcMullen and Hackermann (1959) 
have reported a low value of capacity for the tantalum electrode 
of __ 9 pF cm-2 in 0.5H Na2SOq solution. Similarly, Isaacs 
( -2 and Leach 1962-3) found a value of ~ 15 pF cm for tantalum 
in various carbonate solutions. 
The reversible potential for the reaction;-
Ta205 + 10 u+ + 10 e- = 2 Ta + 5 H20 
is well established to be inaccessible directly on account of 
the protective po,~er of the oxide in screening the metal from 
aqueous solutions, at least in the absence of complexing agents, 
Pourbaix (1966) • 
The potential vs pU ( Pourbaix diagram ) sho,.n in fig. 2.15 
implies that tantalum pentoxide can be reduced to metallic tantalum 
However, it does not seem possible to bring about this reduction 
by electrolytic means starting directly from the oxide, 
Pourbaix (1966) • Bouhard (1907) has stated that it is possible 
to deposit tantalum on a carbon or platinum cathode by electrolysis 
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of an oxalic solution of tantalic acid acidified with y~ 
hydrochloric or sulphuric acid. 
It should be noted 'that due to the lack of 
thermodynamic 'data, tantalic acid andpertantalic acid 
( solids ~ and tantalates and pertantalates ( dissolved ) 
-- '. ~ 
were marked by Pourbaix purely as a guide and have·no 
experimental foundation. 
Tantalum can give rise to numerous complexes, eg 
fluorinated and oxyfluorinated complexes, tartaric and 
oxalic complexes, and complexes with hydrogen peroxide and 
polyhydric alcohols,Charlot (1957), Cotten and Wil)dnson (1966). 
2.5. Properties of Tantalum Oxide Films. 
The final section of this chapter is devoted to the 
various properties of tantalum oxide films which contribute to 
the leakage across it, and which therefore determine Radl • 
\fuen a piece of tantalum is made the anode of an 
electrochemical cell during anodi~ation, the applied current 
either sets up an electrostatic field, or increases the 
electrostatic field already present in the oxide film that is 
almost invariably present on the metal. The electrostatic 
field causes continued growth of the oxide film provided 
that the electrolyte in the cell does not dissolve the oxide. 
The gro'fth of the oxide proceeds by pulling either 
tantalum or oxygen ions through the film, and is therefore 
described in terms of ionic conductivity, complicated by 
the presence of two interfaces, Ta/Ta205 and Ta205/solution, 
at which transfer processes must occur. 
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A diagrammatic plot of current vs potential for a 
tantalum electrode on ~hich a very thin oxide film has already 
been formed is shown in fig~ 2.16,Young {1961}. The current 
during anodic P?larization is small and irreproducible until the 
range of potentials is reached at which the ionic current starts 
to predominate. over the leakage current. The ionic current then 
rises very rapidly with increasing potential. The leakage current 
due to fla'fS in the oxide film is defined as the number of 
microamps per microfarad-volt after the voltage has been applied 
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for a certain time, usually 3 minutes. Typical values of the leakage 
-1 -1 
current lie in the range 0.01 to 0.1 pA pP V • The anodie leakage 
usually causes oxygen evolution onee the potential has reached 
values 'fhere this process becomes thermodynamically possible. 
In theory, an ionic current flows at all potentials above 
the reversible potential of the oxide electrode, but in practice 
it is negligible in comparison with the leakage current at 10'" 
potentials. Once the electrostatic field is large enough for an 
appreciable ionic current to pass, the behaviour becomes time 
dependent due to the increase in thickness of the oxide film. 
Anodization may be carried out by one of t'fO simple 
experimental methods :-
1. at constant ionic current. 
2. at constant VOltage. 
1. Films produced by anodization at constant current are the 
best characterised for scientific purposes because a 
complete description of the films is given by stating 
the current density, final potential, solution, temperature, 
metal purity,and mode of surface preparation. During 
anodi~tion at constant current, each new layer of oxide 
of thickness dO requires an additional potential dV to 
- -----------
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be added across the film to maintain the field ( and hence 
the current ) in the oxide constant. dV/dD is known as the 
differential field strength.and is given the symbol Ed • 
If the existing potential fall in the film is not changed 
during further growth, Ed is the actual field strength in 
the new layer being"formed. Typically Ed does not vary with 
increasing thickness for anodization at constant ionic 
current density. The relation bet'feen rate of increase of 
potential and the current density is derived as follows :-
the rate of increase of thickness dD/dt is given by : 
dD/dt = iH/zFp 2.6 
where D is the thickness of the film, t is the time, 
i is the ionic current density, z is the number of Faradays 
( F ) required to form the molecular weight of oxide,}l,of 
density e • 
If Ed is constant, then: 
Ed = dV/dD 
_ dV/dt = Ed,dD/dt = iEdH/zFe 
For practical purposes Edvaries slo>lly with i , being 
less than l~f for a 10 fold change in i , so dV/dt is roughly 
proportional to i • For tantalum at room temperature dV/dt is 
about 3 Vs-1 for a current density of _ 10 mA cm-2 • 
2. During anodization at constant potential the 
increase in the film thickness causes a continuous decrease 
in the field strength and therefore in the current. As the 
current falls the rate of decrease of field falls and consequently 
the rate of decrease of the current also falls. Therefore 
after a certain time the rate of gro>lth of oxide is sufficiently 
small that for most practical purposes the film thickness may 
be considered to have reached a limiting value. There is no 
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such value in a mathematical sense, hence the preference of 
the constant current method for scientific work. 
For crystalline solid'!..the ionic conduction occurs 
through the mov~ment of lattice defects. The defects may be 
vacant positively or negatively charged sites,or interstitial 
anions or cations. 
The ionic conductivity in anodic oxide films is usually 
considered in terms of the movement of interstitial metal ions 
moving through the interstic'\!s of a network of immobile metal 
and oxygen-ions. The ions are assumed to be equivalently 
placed in terms of ease of movement, but this is only a first 
approximation as the oxides are amorphous. The applied field 
is assumed to reduce the potential energy required for 
movement from one site to another. The observed current is 
the difference between the forward current due to ions 
moving with the field,and the baclmard current due to ions 
moving against the field. The usual situation found for the 
high resistance oxide film is that to obtain a measurable 
current the field strength that must be applied is so large 
that the baclmard current is negligible compared to the forward 
current. nence the gro\~h of the oxide film may be considered 
in terms of the for\qard current only, which because of the 
high field strength involved will be due to high field 
conduction processes. The high field conduction processes of 
importance in the oxide films are complicated because of the 
amorphous nature of the films which have a different structure 
at different temperatures and under different field strengths. 
At constant potential the thickness is proportional to the 
logarithm of the time, and the current is an exponential 
function of the electric field strength. Vermilyea (195~) 
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has sho~n that the tantalum ion with the normal valency 
for the ionic charge on the ion is the moving entity under 
high fields. The mechanism i§ thought to involve single ion 
jumps between e~uilibrium positions of the ionic structure, 
Vermi1yea (1957) , but there is also some evidence that 
there may be-a xe1axation of the film structure with 
change in temperature, field strength, or film history 
which is supported by the dependence of the rate of 
dissolution of Ta205 in HP on tlte formation field and 
temperature,Vermilyea (1957). 
other anodic processes such as oxygen evolution are 
almost entirely inhibited, even though there may be a 
potential difference of some hundreds of volts across the film, 
provided that the tantalum surface is smooth ( scratch free ), 
not contaminated by other metals, and free from inclusions. 
The formation of the film is normally limited by a 
breakdo~n which occurs when a certain range of thickness is 
reached, or alternatively, when a certain potential is reached. 
Breakdown is characterised by scintillation, oxygen evolution, 
and field recrystallization. Tantalum pentoxide is particularly 
resistant to breakdown, presumably because the field required 
for ionic conduction is very much less than that required for 
avalanche breakdo.n. 
As the voltage rises ·during formation at constant current 
the first sign of breakdo'{n is the appearance of short bursts 
of gas at different sites over the surface. Scintillation then 
occurs, often the discharge travels over the surface leaving a 
trail of thick grey oxide. This form of breakdown is thought to 
be due to flaws in the material rather than due to the properties 
of the homogeneous material. The conduction of electrolyte in 
}" 
such imperfections causes the production of heat and leads to 
the formation of localised hot spots which fail. 
The amorphous oxide T~205 does not recrystallize until 
temperatures of several hundred degrees centigrade are reached. 
HO\i'ever, crystalline oxide may be caused to appear in anodic 
films by hOl_ding them under a voltage at temperatures of less 
than 100oC,Vermilyea (1955, 1957). The process is not strictly 
a recrystallization since it is believed that the crystalline 
• • oxide is formed de novo and mechanically displaces the 
amorphous oxide film. The term field induced recrystallization 
seems established and the process is an important mode of 
failure of the formation process in the manufacture of 
tantalum capacitors. 
During formation at constant voltage the current falls 
\i'ith time, see fig. 2.17 , until a limit is reached which 
corresponds to nearly all leakage current. The onset of 
recrystallization is accompanied by an increase in current 
\i'hich is required to grow the crystalline oxide. 
As recrystallization goes to completion the current decreases 
once more. The process depends on the metal,·the surface 
preparation prior to anodi1ation, the temperature, the field 
strength, and the nature of the solution. Jackson (1973) has 
sho\ffi that the rate of radial growth of crystalline areas may 
be controlled by the selection and modification of the 
electrolyte composition. The number of nuclei formed after a 
given period under standard conditions depends on the batch 
of metal, but it is unclear \i'hich impurities are responsible. 
The onset of recrystallization on strongly adherent 
films formed by anodiz.ation of tantalum \i'hich has been 
chemically cleaned ( polished ) follo\i'ed by leaching in 
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boiling "~ter,is seen under magnification as a number of 
small rounded areas of a different colour, or as small 
raised areas ldth cracks radiating outwards. Anodic oxide 
films on tantalum normally appear flat and structureless, 
even under the electron microscope. 
Fo: poorly adherent films the nuclei lift the film 
off the surface, terminating the process. 
The optimum conditions for producing field recrystallization 
with sulphuric acid electrolyte are 0 •• 276 acid at 85°C with a 
constant current density of _ 0.1 mAcm-2 until a formation 
voltage of 120V is reached, which is held for a further 60 
minutes,Vermilyea (1955). It appears that recrystallization 
is at least delayed although not completely inhibited if 
concentrations of greater than '<OOfo sulphuric acid are used. 
One of the easiest \{ays to investigate the effect of 
gelled electrolytes on the various properties of the oxide 
films outlined above is to anodize tantalum in both gelled 
and non-gelled electrolytes and then measure and compare 
the properties of the two samples of oxide produced. 
Because of the problems encountered with the anodization 
and reproducibility of the porous electrodes used in 
capacitors ego determination of the surface area, this 
comparison is most easily made using foil specimens. 
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CHAPTER 3. 
'5.1. Gels. 
, , . 
The "gell.ed" electrolyte usedin.the .. tantalUJII ,el.ectrol1tic·capaci tors 
consists of 5%(wt/vol)i.e.3.7%(wt/wt)fumed silica dispersed in a 40% 
-. 
~y weight sulphuric acid solution. An important point to note is that 
the volume fraction of the silica in this gel when well dispersed is 
only 0.022 This.ratio of silica-: sulphuric acid was chosen empirically 
.~'. .. 
as that producing sufficient thickening of the acid to prevent leakage 
and orientation sensitivity of the capacitor and yet still be easily 
dispensed during capacitor assembly. Generally, the addition of silica 
to the electrolyte had little effect on the overall properties of the 
capacitors. There is an occasional problem with the -550C impedance 
and The Pleasey Company Ltd have noted certain anomalies in the 
conductivity of gel systems. 
The "gelled" electrolyte seems to be thixotropic - a small amount 
of stirring or agitation changes the gel from a fairly rigid state 
(the container housing the gel may be inverted without effect) to an 
easily flowing liquid which reverts to the original state on standing. 
However, the term "gel" is difficult to define, see D. Jordon Lloyd 
(1926), because it has been used to describe systems as diverse as the 
transparent homogeneous mass (- a typical gel) obtained by the neutralisation 
of a concentrated solution of sodium silicate solution,to the hard, 
transparent,glass-like substance formed on drying the previous substance. 
The mineral agate is also included in the category of a gel as it is 
likely that it originated naturally from a silicic acid gel. Furthermore, 
the original dry substances such as gelatin which form "gels" if they 
are permitted to swell by absorbtion of fluids are included. 
'I 
For that reason it is useful for this work to use the definition 
of a gel given by Hermans (1949) as a system characterised by the 
following conditions: 
a. a coherent colloid disperse system of at least two components. 
b. as exhibiting mechanical properties characteristic of the 
solid state. 
c. both the dispersed and the dispersion media extend 
continuously throughout the whole system. 
Criterion b. will be taken to refer to the fact that on mechanical 
deformation such as a shea~ing tension, whether or not the system 
exhibits a yield value, and consequently whether it shows the 
phenomenon of strain. 
Two fundamental conditions must be fulfilled in order for a gel to 
be formed from a colloidal solution: 
1. a solid state substance shall separate from the solution 
in a finely dispersed colloidal state. 
2. the separated solid particles shall neither be deposited 
under gravity, nor remain in colloidal suspension as 
freely moving kinetic units, but be joined together to 
form a continuous framework ( or network ) throughout 
the mass of the solution. 
There are four different possibilities concerning the nature of 
the gel network which are shown diagrammatically in fig. 3.1 for 
spherical particles, rod like particles, and linear macro-molecules 
with either crystalline junctions or chemical cross-linking respectively. 
Fig. 3. 1. Four Types of Gel structure. 
(a)spheri~al particles. (b) rod like particles. 
(c) linear macro-molecules 
with crystalline junctions 
(d) linear macro-molecules 
with chemical cross-linking. 
Table 3. 1. Packing TYPe, Co-ordination Number and 
Associated void volume. 
J?acking Type. Co-ordination. Void Volume % 
hexagonal close packed. 12 26 
cubic close packed. 12 26 
face centred cubic. 12 26 
body centred cubic. 12 32 
simple cubic 12 48 
least dense packing 3 94.4 iE 
References. 
Atkins. (1978) 
~eesch & Laves. (1933). 
. , 
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An outline of the wide variety:of gel structures has been presented by 
Hermans (19~9), Duclaux (1953) and Weiser (1950). The gel structure 
that is likely for the silica/electrolyte systems is that of approximately 
spherical particles adhering to -each other in an approximately linear 
arrangement. It should be noted that the spherical structure particles 
'may,be single silica particles or "aggregates of silica particles. 
"-There is also the possibility that short chains made up of single 
silica particles may be cross-linked to form the gel network or be the 
link between the spherical aggregates. 
Manegold (19~1) has considered the volume fraction of the space 
occupied by a continuous network. For spherical particles various 
regular packings are possible with a variation in co-ordination number 
of each particle of between 3 and 12. The most dense packing gives 
a co-ordination number of 12 and a volume fraction of 0.7~ (i.e. the 
void volume is 0.26)and for the least dense packing condition a 
co-ordination number of 3 and a volume fraction of only 0.056,see 
Heesch & Laves (1933). A list of packing types and the corresponding 
void'volumes is given in Table 3. 1. 
For any system capable of gel-formation there will be a limit 
of dilution beyond which gel-formation becomes impossible. However, 
there is no sharp limit between gel-formation and the formation of a 
flocculate or precipitate. In many cases it may be difficult to 
differentiate between a gel and a liquid as the solution maintains 
its fluid character. Very sensitive measurements are necessary to 
demonstrate that the solution has a definite yield value, but the 
junctions between individual particles are easily broken. 
Before discussing further the properties of the gelled electrolyte 
it is useful to consider the properties of the fumed silica and the 
sulphuric acid separately. 
3. 2. Sulphuric Acid. 
Sulphuric acid is probably better characterised.than most compounds in 
respect of its physical properties in both its pure state and for its 
aqueous solutions. 
The conductivity of aqueous solutions of sulphuric acid for 
concentrations between 0.5 and 99'~ by weight of acid over a wide 
range of 
!. 0.0005 
temperatures has been well established to an accuracy of 
-1 S cm or better,see Roughton (1951), Campbell et al (1953a), 
Darling (196~), and Gerzberg et al (1969). 
A maximum in the conductance is observed at an acid concentration 
of between 2~~ and ~~fo (~.99M) for all the temperatures investigated. 
The maximum occurs at higher concentrations as the temperature is 
increased, see fig. 3. 2. 
For aqueous solution, dissociation of the acid gives : 
; 
- 2-The ratio of HSO~ to SO~ is approximately 2 : 1 for 5 Molar acid 
o 
at 25 c. The ratios for a range of acid molarities and three 
temperatures determined by Raman spectroBcoPY,Hamer (1959),are given in 
table 3. 2 and shown in Fig. 3. 3 as a function of stoichiometric 
molarity. 
The primary contribution to the abnormally high conductivity of 
c + 
such solutions comes from the large excess of hydrogen ions H30 • 
A reasonable explanation of this phenomenon has been found by 
Bernal and Fowler (1939) in terms of a proton jump mechanism by Wbich 
a proton passes from one water molecule to a favourably orientated 
neighb'ouring one, but in doing so leaves these molecules unfavourably 
orientated for another jump. The proton jump mechanism can be 
. . 
Fig. 3.2. 
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Fig. 3.3 Concentr.tions of three molecular speci .. vs. stoichiometrio molorlty of 
R,SO.. 0, O'C.; 0, 25'C.; e, 60'C. 
represented diagrammatically after Glasstone, Laidler and ~ring (1941) 
as follows: 
H 
I 
0+ / , 
H®H 
H 
I 
o 
\ 
"H 
H 
I 
+ 0 
/ \ 
H(f)H 
A similar proton transfer process accounts for the high .obil~~ 
of the aqueous hydroxide ion, Which is second only to that of the 
hydrogen ion: 
H H 
I I 
0+0 
, e 
H 
H 
I 
--~ 0 e 
At anyone time only a relatively few protons need jump to produce 
the observed conductivity. The rest of the hydrogen ions will be 
incorporated in the normal water structure, i.e. associated with a 
water molecule and moving in the normal manner. Robinson and Stokes 
(1970) have suggested the water molecules with associated hydrogen ions 
are moving at about the same speed as hydrated lithium ions from 
thermodynamic considerations. 
The hydrated lithium ion and hydrogen ion are of very similar size 
and involve about the same number of water molecules. There is also 
a remarkable similarity between the activity coefficients of lithium 
chloride, bromide, iodide, and perchlorate, and those of the 
corresponding acids. 
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3. 3. Potassium Chloride. 
The other electrolyte used extensively during this work. vas .potassium 
chloride. In addition to its function in the calibration of conductance 
cells, gels were prepared using potassium chloride solutions of 
, 
concentrations less than lMolar. 
There were several reasons for this choice: 
1. Potassium chloride in aqueous solution belongs to the class of 
simple 1 I 1 non-associated electrolytes i.e. a simple cation and anion, 
possibly solvated,but wit11. no. experimental evidence for co-valent 
molecules of solute or any lasting association of oppositely charged 
ions. 
2. Potassium chloride is readily obtained in a high state of purity 
and may be used to make up solutions of accurately known concentration 
directly after oven-drying at 2000 C to remove any absorbed water. 
Therefore potassium chloride solutions have been universally used 
in some of the most accurate conductivity measurements undertaken in 
the search for a satisfactory theory of electrolytic conductivity, 
e.g. Gordon et al (19~0, 19~2, 19~5),Shedlovsky (1932, 193~),Jones 
and collaborators (in 1930's). 
It was hoped that the conductance measurements on· gels in potassium 
chloride would complement those from gels in acid because it is a simple 
electrolyte, gelling should be encouraged as there is not the dehydration 
of the silica surface, and it is a much more pleasant system to handle 
from a practical viewpoint. 
. . 
Silica. 
The· fumed silica (silicon dioxide) used in this work is manufactured by 
the process of flame hydrolysis. Silicon tetrachloride vapour is 
hydrolysed in a flame of oxygen and hydrogen: 
3. 1. 
3. 2. 
In the combustion process silicon tetrachloride burns to produce 
molten, primary spherical particles with diameters in the range 
7-.lq nm and of final surface area between qOO and 200 m2g-l • 
While still semi-molten these primary spherical particles collide and 
fuse with one another irreversibly to form branched, three dimensional 
chain-like secondary groupings termed aggregates. As the aggregates 
cool to below the fusion temperature of silica, o 1710 C, a further but 
reversible agglomeration occurs. Further agglomeration also takes 
place during the collection and bagging processes. 
The residual hydrogen chloride adsorbed on the silica surface is 
reduced to less than 200 ppm by calcination. The resultant amorphous 
silica is a high.purity, fluffy, white powder, with a bulk density of 
0.032 g cm-3, the true density of the silica being 2.20 g cm-3 
(Cabot Carbon Ltd.). 
The amorphous nature of the fumed silica is shown by the absence of 
lines in the X-ray diffraction and electron diffraction patterns e.g. 
Radczewski and Richter (19ql). The amorphous nature is also the 
reason for the silica particles tending towards a spherical shape. The 
silica manufacturem,Cabot Carbon Ltd,state that the particles are non-
porous. 
Silica in this amorphous form is soluble in water to about 0.01% 
expressed in terms of Si O2• The soluble form of silica is the 
monomericSi(OH)4' but the stat: of hydration in water is unknown. 
Si(OH)4 polym~rises rapidly if the concentration exceeds a few 
hundredths of a per cent. The solubility of amorphous silica has 
been described by ~ler (1955), reviewed by Wittman (1961) and again 
by Iler (1973). 
Carman (1940) was probably the first to postulate a structure for 
a single silica particle in an aqueous system, as shown in fig. 3. 4. 
He suggested that the particle could be considered as having two parts: 
1. an interior composed of anhydrous, amorphous, three 
dimensional network of Si04 tetrahedra conforming in 
composition to 8i02 by the linking of every oxygen 
atom to two silieon atoms. 
2. a surface region in which the silicon atoms are 
co-ordination deficient, and will strive to achieve 
the favoured tetrahedral co-ordination. In lIItueous 
systems or when moisture is present this will be 
accomplished by the formation of OH- groups on the 
surface. He visualised that two hydrogen ions are 
held equally by the two negatively charged oxygen 
ions, giving effectively OH- groups on the surface. 
Two types of snrface hydroxyl groups may be distinguished by 
Infra red spectroscopy as shown in fig. 3. 51 
1. isolated OH- groups, which are attached to surface 
silicon atoms surrounded by siloxane groupings (Si-O-Si) • 
These OH-groups are of hydrophilic character and 
characterised by an lR absorbance peak at 3750 cm-I. 
Particle of colloidal $ilica 
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Figure 3. 5 Infra red spectra of silica. 
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2. . hydrogen-bonded OH-groups, a result of OH- groups on 
neighbouring silicon atoms. These groups are also 
hydrophilic.and characterised by a broad absorbance 
. -1 peak between 3.700 and 3,500 cm • 
A third surface grouping may be identified as siloxane groups. 
Si - 0 - Si, which are responsible for the hydrophobic character of the 
silica surface. This picture of the silica surface is summarised 
in fig. ). 6. 
The surface of pure silica in water adsorbs OH- ions {or loses 
H+ ions} and becomes negatively charged in alkaline suspension. 
However, there is no evidence for the converse of loss of OH-in acid 
solution with the formation of a positively charged surface. The 
surface does not adsorb acid as it does base. Therefore, at any pH 
below about 3, the isoelectric point of. silica, the particles are in 
the isoelectric condition and do not move when a potential is applied 
across the solution as in electrophoresis. 
The gelling mechanism of colloidal silica has only become better 
understood during the last twenty years with the development of methods 
of preparing colloidal silica sols of a uniform and known size on a 
commercial scale. The first method was described by Bechkold and 
Snyder (1951) and many other methods and refinements in controlling 
particle size, degree of aggregation and purity have been developed 
subsequently covering the whole colloidal size range. 
The basic step in gel formation is the collision of two silica 
particles with sufficient contact time for bonding to occur. It 
is to be understood that the silica particles could be single, part of 
a short three-dimensional chain, or part of a larger aggregate of 
particles. 
Fig. 3. 6 Summary of the structure of a silica particle surface. 
--- -------------------------------'----------..;.------
----------------------------- -
Two types of interparticle bonding may be identified:-
1. Hydrogen bonding, 2. Siloxane bonding. 
It is likely that the first bonding in all gel formation is 
hydrogen bonding between the isolated surface OH-groups of the two 
particles or more particles, see f~g. 3. 7. This bonding is reversible, 
the network may be temporari~,.destroyed by changing the pH or mechanical 
agitation. 
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In basic media the h~drogen bonded particles may become irreversibly 
bonded by,a siloxane link under the catalytic action of OH- with the 
elimination of water, see fig. 3. 8. Under these conditions it has 
been sh~~ by Alexander (1957) that silica may be deposited around the 
point of'contact, the Si - 0 - Si link, particularly for pH > 5. 
This is because the solubility of silica from a thermodynamic viewpoint 
is greater when the radius of curvature of the surface of the particles 
is small·and positive, compared to where the radius of curvature of 
the surface is negative and small such as at the point of contact. 
Therefore silica dissolves from the two particles and is deposited at 
the point of contact to minimise the negative radius of curvature, 
see fig. 3.9. 
In acidic media there may be sufficient on- to cata~yse some 
interparticle, siloxane bond formation, but the solubility of silica 
at low pH and the concentration of OH- are too small to permit any 
coalescence. at the point of contact. Therefore gelling is reversible 
ill acid media. Iler (1952) has shown that traces of F- ion in the 
silica in'acid media of pH<1.5 with the formation of HF may also 
catalyse gelling. 
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Hydrogen bonding between two silica particles. 
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However, in any hydrogen bonding liquid the solvent molecules 
will be in competition with the isolated hydroxyl groups for hydrogen 
bonding, see fig. 3. 10, resulting in partial or total solvation of 
silica aggregates and a reduction in the formation of network structure, 
effectively means a greater concentration of silica is required to form 
a gel. 
The other determining factor governing network formation is the 
degree' of dispersion of the silica. A balance has to be achieved 
between under-disper~ion which leaves relatively large agglomerates 
with a small amount of cross-linking between them, and over-dispersion 
with the result,that the agglomerates are broken into such small, 
widely separated fragments, that they are statistically unlikely to 
collide and hence unlikely to form networks. 
The overall behaviour of silica may be summarised as in fig. 3.11. 
The rate of gelling reaches a min~ at pH 2~3, and a maximum at 
a pH = 5. In the range pH< 1.5 the gelling is catalysed by HF, Iler (1952), 
in the range pH = 3-.5 the rate increases in proportion to the concentration 
Above pH = 6 the rate decreases due to there being fewer 
collisions between particles as a consequence of the increased surface 
charge. Above pH = 10.5 silica dissolves quite rapidly. The rate of 
gelling as a function of pH is shown schematically in fig. 3. 12 
reproduced from Iler (1973). 
The rate of gelling is also dependent on the concentration of silica 
and the particle size. The two factors are inter-related as the rate of 
gelling appears to be proportional to the total surface area of silica 
surface present. As the surface area is inversely proportional to the 
diameter of the particles, suspensions with the same concentration to 
particle-diameter ratio gel at about the same rate, Iler (1973). 
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Fig. 3.11. Summary of overall behaviour of silica. 
pH < 3 
'" pH 3--10 with 
salts present 
Three-dimGn!;ional 
gel networks 
--Monomer 
pH 7-10 with 
salb absent 
100 ".,. 
Sols 
., Polymerization behavior or silica. In basic solution (B) particles in sol grow 
in size with decrease in numbers; in :tcid solution (A) or in presence or floccubrinf: 53lrs, 
particles aggregate into three-dimensional r.ctworks and form sc1s. 
Fig. 3.12. Rate of gelling of silica-water system as a 
function of pH. 
SOL STABILtTy 
IGEL T'ME) 
2 
acid pH 
10 1~ 
alkali 
3. 5. Ionic Conductivit~ 
The ionic conduction through an electrolyte occurs by ion migration 
to the oppositely charged electrodes when an electric field is applied. 
Electrolytes approximately obey Ohm's Law, but because of their 
susceptibility to electrolysis, conductivity measurements are usually 
made using alternating current circuits. 
The resistance, R, of a sample of material is proportional to 
.the length, 1, of the sample, and inversely proportional to the 
cross-sectional area, A: 
R =~!. or 
A 
where ~ = a proportionality constant called the resistivity of the 
• 
material,and is defined as the resistance of a sample 1 m long and 
of 1 m2 cross-sectional area, therefore the units of e are ohm m. (n. m). 
Conductance ."G", is defined as the reciprocal of the measured 
resistance and conductivity, X , as the reciprocal of the resistivity. 
i.e. 
I "t " ,,-1 (ohm-I) G = 1 R un~ ~ S,prev~ously ~. 
K = l/~ = 1 R • 1-A 
The units of conductivity are Sm-l,where S is the Siemens. Prior 
to S.I. units, the common unit for conductivity was/l-l cm-l 
The conductivity of the electrolyte may be defined as the 
2 
conductance of a sample 1 m long and of 1 m cross-sectional area. 
A conductance cell has fixed electrOdes, so the ratio 1/A is a 
constant, the cell constant,Kcell • and is a characteristic of the 
cell i.e. 
K = i . K~ell = G. K Sm-l cell 3. 6. 
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The conductance cells are calibrated by determining the conductance 
of a standard solution, the conductivity of which is very accurately 
known under closely defined conditions, usually a solution of potassium 
· 0 
chloride at 25 C. The solutions are prepared by a weignt/weignt method. 
The term "demal" was introduced by Parker &·Parker (192~) in an early 
definition of a standard solution~d has been retained by Jones and 
Bradshaw (1933) as a useful term to describe their standard composition. 
They define a 1 Demal solution (ID) as a weignt in vacuo of potassium 
chloride in 1000 g of solution. 
Jones and Bradshaw (1933) determined the conductivity in 
-1 -1 international ohm cm of three carefully defined solutions of 
potassium chloride at three temperatures and these values are generally 
accepted for use in determining the Kcell of conductance cells. A 
table showing the composition and conductivity of the solutions is 
given in table 3.3. 
The requirements for precise measurement of electrolytic 
conductivity are accurate temperature control, avoidance of electrode 
polarization, and accurate electrical measurement. 
The majority of aqueous electrolytes have a temperature coefficient 
of conductivity of about 2% per degree at 25°C, but that of the H+ ion 
is about l.~~ per degree. Therefore,temperature control of better 
than± 0.005° is required for an accuracy of 0.01% in the conductivity. 
Usually the standard solution of potassium chloride used to determine 
the cell constant has a similar temperature coefficient to that of the 
solution to be studied. Therefore,provided the temperature is constant, 
the exact temperature is not required to the same accuracy as a constant 
Table 3.3. 
Conductivities of Standard Potassium Cb10ride Solutions. 
K Sem -1 , 
Concentration 'g KC1/1000g solution 00 180 250 (in vacuo) 
1 D 71.1352 0.065176 0.097838 0.11131.i2 
O.lD 7.1.il913 0.0071379 0.0111667 0.0128560 • 
O.OlD 0.71.i5263 0.00077361.i 0.00122052 0.0011.i087 
. 
Jones and Bradshaw (1933). 
error of a few hundredths of a degree will largely be compensated for 
by the corresponding change in the conductivity of the standard. 
Accurate temperature control'is most readily achieved using water 
as the thermostattinginedium because of its specific heat capacity, low 
viscosity which facilitates stirrin~.and its slow evaporation to 
dissipate surplus heat. 
However, Jones and Josephs (1928) inferred from AC theory that the 
presence of a conducting medium near to a conductivity cell would cause 
an error in the measurement of resistance due to the following causes: 
1. the capacitance introduced by an earthed conducting 
liquid in the thermostat would be expected by geometrical 
considerations to be greater than the capacitance introduced 
by the metal plate. 
2. the walls of, the glass cell may act as a dielectric in 
a condenser, permitting AC current to flow in the water 
outside the cell. This extra parallel path for current 
referred to as a capacitance bypath, consisting of two 
condensers and a resistance,must decrease the measured 
resistance. 
, 3. the AC current in the cell will induce eddy currents in 
the water outside the cell and will increase the apparent 
resistance in accordance with the well known behaviour 
of a short-circuited transformer. The eddy currents 
tend to counteract the error due to the capacitance 
by-path. 
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These sources of error may be functions of frequency, resistance 
of the cell electrolyte, the conductivity of the thermostatting water, 
the cell geometry, the thickness and electrical properties of the glass, 
-
and the proximity of measuring leads. Jones and Josephs (1928) showed 
that these errors amounted to between 0.1 and 0.5l~ for water. Therefore 
oil must be used for its excellent insulating properties. The 
disadvantages with respect to stirring, specific heat capacity, and 
loss of the cooling effect due to evaporation must be remedied in the 
construction of the thermostat or tolerated where this is impracticable. 
The use of direct current methods is only satisfactory when one 
of the electrodes is truly reversible to one of the ions in solution 
and the other electrode is truly reversible to the ion of opposite charge. 
For most systems errors due to electrolysis of the electrolyte .and 
electrode polarization are encountered when direct current methods 
are used. Polarization errors may be minimised in two ways: by the 
use of audio frequency alternating current for the conductivity 
measurements; and by the electrodeposition of a heavy deposit of 
platinum black on smooth platinum electrodes, first suggested by 
Kohlrausch (1897) and developed by Jones and Bollinger (1935). 
However, platinum black may catalyse unwanted reactions, or may 
adsorb appreciable quantities of solute from dilute solutions. The 
latter may be controlled by repeated filling and emptying of the cell 
until a constant conductivity is obtained, the former by using a much 
lighter deposit of platinum black. 
The design of high precision AC conductance bridges was studied 
by Shedlovsky (1930) and by G. Jones and colleagues during the 1930's 
and the principles they listed for good bridge design are the basis of 
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those in use today, see Haque & Foord. (1971). 
The simple Wheatstone bridge circuit used for DC measurements, see 
fig. 3. 13, is adapted for use with AC " potentials by the substitution 
of the battery with a sinusoidal alternating potential from an oscillator, 
and the galvanometer by an AC null detector, see fig. 3. 1%. The 
balance condition determined by the-null detector is when the potentials 
at A and B are of equal amplitude and are exactly in phase. At this 
point the impedances (the AC analoque of resistance) are related by the 
equation: 
~ = B;S 
B2 6 4 
The ideal bridge is constructed with all the arms equal, a 
requirement which can only be met once the properties of the electrolyte 
are known. Consequently commercial bridges designed to measure over a 
wide range of conductivities have ratio arms BJ and R% equal (usually 
1000~) and of as identical construction as possible and with a negligible 
inductance at audio frequencies. The variable capacitor C2 in parallel 
with B2 is necessary to obtain a sharp balance point because the cell 
impedance is rarely purely resistive. 
Thus the use of an AC method greatly complicates the electrical 
technique,and furthermore the frequency is introduced as another possible 
Variable governing the measured conductivity. 
If the electrode effects have not been eliminated by platinisation 
they will become apparent when the conductivity is measured at various 
frequencies and the values differ. Usually three values of frequency 
between 100 & 5,000 HB are sufficient. In this situation the theory 
of electrode processes must be applied in order to calculate the "true" 
conductivity of the electrolyte. 
. . 
Fig. 3. 13. Wheatstone bridge circuit for 
DC conductance measurements. 
Fig. 3. 14. Bridge circuit for 
AC conductance measurements. 
The conductance cell may be represented by the equivalent circuit 
shown in 'fig. 3.15 originally proposed by Fcates, Ives, and Pryor (1956) 
wi th the addition of a "Warburg impedance" • 
~ in this, circuit represents the true ohmic resistance of the 
electrolyte, 'the quantity which is required. ~ ,is normally 
independent of frequ,ency at audio frequencies because the Debye-
Falkenhagen effect does not become appreciable until radio frequencies 
are attained. The Debye-Falkenhagen effect is associated with the 
.z-elaxation of ionic atmospheres. The ions of opposite charge which 
surround a central ion moving under the influence of an applied field 
tend to be left behind, but alter a short time, the relaxation time, 
thermal agitation restores the normal symmetry of the distribution. 
The effect'of high frequencies with a period of oscillation similar 
to that of the relaxation time is to prevent the ion atmosphere 
relaxing to its symmetrical distribution,so the hinderance to the 
central ion is diminished and abnormally high conductivities are 
observed. It should be noted that the electrophoretic effect, the 
tendency of moving ions to drag solvent molecules with them, remains 
fully operative. 
Capacity Cl, in series with Rl,is the capacity of the double 
layer at the electrode/electrolyte interfaces and is also independent 
of frequency. The current through the electrolyte crosses the 
interface by virtue of this capacity, and at model electrodes 
(no polarization) crosses without discharge or formation of ions. 
For electrodes where polarization occurs and there is a reaction 
at the electrode, the situation may be represented as a faradaic 
leakage in parallel with the double layer. The faradaic leakage 
was shown by Grahame (1955) and Handles (1947) to consist in general 
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Fig. 3.15 Equivalent Circuit of a Conductance Cell. 
Ri = true Ohmic Resistance of the Electrolyte. 
Cl = Capacity of the Double Layer. 
R5 = pure Resistance 
-11'- = Warburg Impedance 
~= Faradaic Leakage. 
Co = Capacity due to Cell, Cell Leads etc. 
and is usually negligible for a 
\VeIl designed Cell. , 
~--~--------------------------------------~---- -- -
of two parts, a pure resistance,R5 ,which is independent of frequency, 
and a Warburg impedance at the electrode, -,~- , which may be 
represented by a resistance and capacitance in series the impedance 
of both being the same at any. one frequency, but both impedances 
varying inversely with W 1/2. The two parts act together as 
-W- = k (1 - j)jrw 3. 8. 
where k = constant of dimensions resistance. time -1/2 and 
j = ,J-j 
If the impedance of the cell arm,with the omission of Co' 
is Z cell, the solution of the balance conditions is : 
Zl Zcell Z3 
= = 
Z2 Z2 Z4 
and for the case where Z3 = Z4 
Zcell 1 
= 3. 10. 
Z2 
• • 
3. 11. 
For a capacitor and resistor in parallel the reciprocal of the 
impedances add and therefore the impedance of arm 2 is given by 
= 1 + jwC 3. 12. 
Assuming capacitance errors in the cell have been eliminated or 
are small enough to allow C to be neglected, then denoting the impedance 
o 
I 
of the cell arm,with the omission of Co,by Zcell, solving the balance 
conditions gives: 
real part of 1 = 1 3. 13. 
The special cases of interest are:-
1.. If Cl is very large such that its impedance is small compared 
to that of the Faradaic leakage,as is very nearly the case 
for heavily blacked platinum electrodes, then ll:l. =. ~ 
at all frequencies. 
2. If R5 is infinite so the electrodes are ideally polarized, 
which is difficult to achieve in 8JUeous solutions due to 
the depolarizing effect of dissolved. oxygen, then : 
3. If the Varburg impedance is negligible compared to R5 and 
in most instances as RI» R5, then the situation 
approximates to: 
This equation is found to correspond to the behaviour of grey 
platinised electrodes, and for bright platinum electrodes in aqueous 
solutions. 
It has been found in practice (Steel and Stokes, 1958) that 
although this equation is not easily adapted for extrapolation to 
infinite frequency, the value obtained by solving the equation for 
three frequencies agrees well with that obtained from a linear 
-1 
extrapolation of R2 versus w 
4. When -W- is large compared to R5 but small compared ~ 
solutions are found of the type: 
= R 2 3. 16. 
e. g. Silver electrodes in silver nitrate ~olution. 
Jones and Christian (1935). 
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'5. There are also cases reported Where the behaviour is 
midway between 3 and 4 shown by marked curvature of 
the R2 versusw-l / 2 curves e.g. Jones and Christian (1935) 
for silver electrodes in potassium chloride solution, 
and Brody and Fuoss (1956) have reported several 
examples Where R2"is quadratic in k/rw • 
Therefore When first examining a particular electrolyte with a 
new conductance cell the frequency dependence of the conductivity 
should be determined, preferably by making a series of measurements 
in the frequency range 200 to 5,000 He. 
With reference to the equations 3. 5 and 3. 6 given previously 
and relating to conductivity, cell constant, area of cross-section 
and separation of the electrodes of the conductance cell, it may be 
deduced that for highly conducting solutions the cell length must be 
large compared to the diameter of the flat circular electrodes, and 
that the cell constant must be high to permit accurate measurement on 
the bridge. Conversely, for solutions of low conductivity the cross-
sectional area of the electrodes must be large compared to their 
separation and the cell constant must be small. Typical cell 
designs for measurement of solutions of high, moderate, and low 
conductivity are shown in fig. 3.16. 
For dilute solutions, a dilution cell after the design of 
Shedlovs'ky (1930) with the modifications of Daggett, Blair and Kraus 
(1951) may be used to determine the effect of changing the concentration 
of the electrolyte on the conductivity. The method of use of such cells 
is described in chapter 4. 
Brody & Fuoss (1956) have described designs of electrode assemblies 
for'use as dip electrodes in containers of any size. Care must be taken 
--_.--- -------------------------------------------------------, 
(a) 
(b) 
(c) 
Fig. 3. 16 Typical conductance cell designs 
(a) high, (b) medium (c) low, conductivity. 
in use of such dip electrodes as any distortion of the electrodes will 
alter the separation and hence alter the cell constant. Also the 
cell constant is determined to some extent by the container affecting 
the available conducting paths •.• 
For absolute measurements conventional conductance cells are to be 
preferred,but dip c~lls are of particular advantage for measuring the 
conductivities of a large number of similar solutions quickly for 
comparatitive purposes e.g. as a quality control measurement. 
The standard solutions of potassium chloride specified by Jones 
and Bradshaw (1933) for use in the calibration of conductance cells 
have accurately known conductivities at 0°, ISO, and 25°C. The 
calibration of cells for use at other temperatures poses a serious 
problem. Some workers have used an equation to calculate the 
conductivity of potassium chloride at the desired temperature and 
calibrated the cell assuming that value of conductivi~. e.g. 
Darling (1964) Who used the equation: 
K = 0.065430 + 0.0017319T + 0.000004617r2 s 
where Ks is the specific conductivity of potassium chloride at 
temperature T, the solution temperature in °C. It is not immediately 
clear Where the equation is derived from as there is no mention of it 
in the reference quoted: Jones and Prendergast (1937). However a 
least squares polynomial fit on the conductivity of IN potassium chloride 
at 0°, ISO, 200 and 25°C given by Jones & Prendergast (1937) results in 
the equation of Darling (1964), but is only valid for IN potassium 
chloride in the region close to the temperature range 00 to 25°C. 
The vast majority of workers e.g. Roughton (1951),Campbell and 
Kartzmark (1952) have considered that the effect of temperature on the 
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dimensions of the cells constructed from pyrex glass and platinum 
electrodes tobenegligible,and therefore the change in cell constant 
will be insignificant and have used the value determined at 250 C. 
Robinson and Stokes (1970) have shown that the correction varies 
with cell geometry and considered the effects of temperature on two 
extreme types of cell design,cells~and ~I of fig. 3. 16. They show 
that if the expansion coefficients of the glass and electrodes are 
equal, which is approximately the case for soda glass and ~latinum, 
the correction is the same for both cells, but if pyrex glass is used 
differences may arise. 
For most purposes in this work the interest was of a comparative 
nature i.e. the effect of gel addition on the conductivity of the 
electrolyte compared to that of the electrolyte alone at a constant 
temperature. Consequently a knowledge of the exact cell constant 
was not essential provided that it remained the same throughout the 
measurements. This condition was easy to verify by checking the 
conductance of a standard solution and noting if the value had changed 
from the previous determination. 
3. 6. Ionic Conductivity of Silica/Sulphuric Acid gels. 
Having discussed the separate properties of sulphuric acid, potassium 
chloride, silica, the likely structures of gels produced from them and 
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the measurement of ionic conductivity, consider now the ionic conductivity 
of such gels. 
There is very little work in the literature on the effect of gel 
structure on the motion of ions in an electric field. The volume of 
related work in analytical chemistry on gel chromotography and gel 
electrophoresis is not relevant to the current problem because of the 
large volume fraction of solids used and the nature of the solid. The 
system under investigation has a volume fraction of solids of less than 
0.023 for the gels used on the production lines. 
Similarly the work on ion exchange resins and membranes, see for 
instance the review by Spiegler (1~53).or Helfferich. (1962), concerns 
solid particles that have an appreciable conductivitY,whereas fumed 
silica is an excellent insulator. 
There is a brief comment in the second volume of Colloid Science 
ed.Kruyt (19!l9) referring to gels which states "as a rule the electrical 
conductivity and dielectric constant are what they should be expected to 
be for a mixture of two phases of given composition" but no references 
are given. 
A recent paper by Orkina and Aguf (1975) on the structural-
rheological properties of a gel-like electrolyte appears to be the 
only paper directly related to this work, and reports on the conductivity 
of a closely allied system: aerosils A-175 or A-300 in sulphuric acid 
electrolyte,as a function of temperature and silica concentration. 
Their conductivity results are reproduced in fig. 3. 17. The 
measurements were made using an AC bridge circuit and a cell with smooth 
-1 platinum electrodes of cell constant 16.6 cm • The frequency 
dispersion of the measured conductance was observed over the range 
500 - 20,000 H8 and the value of conductivity obtained by extrapolation 
to infinite frequency was taken ~s the true value (after Robinson & 
Stokes (1970) ). 
The decrease in conductivity observed on addition of silica to the 
-1 ""-sulphuric acid is between 0.05 and 0.10 S cm ,i.e. less than lv~ 
decrease. 
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Fig. 3. 17. Conductivity otAerosil-sulphuric acid gels 
as a function of temperature. 
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Orkina and Aguf (1975) 
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'lE They state that such a small effect can be explained by the "estafette" 
mechanism of electrical conductivity, due mainly to the migration of 
H+ ions. They also suggest the increase in resistance is probably 
connected with the lengthening of the chain of hydroxyl ions along 
which the protons are displaced. They also state that the conductivity 
did not change during the. course o~ the formation of the structure of 
the gel Which they suggest took place over a period of 1 -2 days. 
One of the aims of this work on conductance measurements was to 
find a method of predicting the conductivity of a gel from a knowledge 
of its percentage composition of silica and the conductivity of the 
free electrolyte. 
The starting point for such a description is to make the assumption 
that the silica, regardless of the way it is dispersed in the gel, makes 
no contribution to the.total conductivity of the gel i.e. the silica is 
an inert insulator and that the only conduction pathway is via the acid 
electrolyte between the silica. The conductivity of the gel, Kg,will 
therefore be lower than that of the bulk acid, K ,as a result of the 
a 
loss in conducting volume occupied by the silica. Kg may be calculated 
by multiplying the conductivity of the bulk acid by the volume fraction 
of acid, ~a' in the gel. 
Kg = Ka.~a = Ka·(l-~B) 
= vol fraction silica and is related to ~ by 
a 
~a + ~B = 1 
3. 18. 
3. 19. 
'lE I have been unable to find any reference to the estafette 
mechanism of conductivity and have written to the authors with a 
request for details, but have not received a reply. 
Therefore a plot of conductivity versus volume fraction of silica 
should be a straight line of gradient - Ea,intercept Ea. 
However,this description is obviously much oversimplified and there 
. 
are many possible effects which may influence the conductivity of 
the gel. In no order of importance or probability of occurance 
some possible effects are: 
1. surface conduction along the short silica chains, or 
around the discrete silica particles and aggregates, 
or along the 3D gel network. This effect is likely 
to be swamped at the higher acid concentrations because 
of the high conductivity of the protons in the bulk acid, 
but may become significant at lower acid concentrations. 
2. sorption by the silica of ions and solvent molecules from 
the electrolyte. Absorption is presumably small as the 
manufacturers claim the silica is non-porous (Cabot Carbon Ltd). 
Adsorption is almost certainly present because of the 
hydrophilic nature of the surface. Iler (1955) states 
that there is at" .. least a monolayer of bound water on the 
silica surface, see also (Mysels 1959) and Graham (1947). 
The effect of adsorption on the conductivity of the gel 
is difficult to assess, but it is most likely to be seen 
as causing an increase in surface conductivity at low 
concentrations of acid. 
3. minute traces of impurities such as F- or aluminium may 
influence the conductivity because of the great effect 
they may have on gel formation. Her (1952). 
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4. finally,there may be a reduction in the conductivity of 
the gel because the ions will have to travel around the 
silica regardless of the form in Which it is present in 
the gel, and will therefore have a longer path compared 
to that in the bulk acid. 
Of the various possibilities the latter is the most likely to cause 
a measurable effect,and fortunately may be incorporated into the 
conductivity relatively easily in one of two ways: 
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1. by the introduction of a tortuosity factor derived from a formation 
resistivity factor. 
2. by application of the obstruction effect of dielectric 
theory to conductivity. 
1. The study of liquid flow through porous media has been continuing 
for many years because of the vital part played by fluid flow phenomena 
in the extraction of petroleum from sedimentary rocks. The employment 
of electrical resistivity measurements to help analyse the rock formation 
penetrated by the drilling bit and give an estimation of the nature of 
the fluids contained within the pores of permeable rocks, led to the 
suggestion by Archie (1942) that a dimensionless parameter, F, the 
formation resistivity factor, could be determined by measuring the 
resistivity,~ , of the rock saturated with a conducting electrolyte 
and dividing this resistivity by that of the electrolyte'~e. F may 
be shown to be independent of the resistivity of the saturating electrolyte 
provided the rock matrix does not contain electrolytically conducting 
material and that the resistivity of the electrolyte is high enough to 
obviate surface conductivity effects. In the terminology of conductivity 
experiments,F is the cell constant of a porous medium and is a parameter 
reflecting the influence of pore geometry on electrolytic conduction 
through the pore system (Wyllie & Spangler, (1952». Wyllie (1950), 
Wyllie and Rose (1950),and by implication Thornton (19~9),have suggested 
that the measurement of F leads directly to an evalUation of tortuosity, 
T, a term first coined by Rose and Bruce (19lt9). 
The tortuosity is defined as: 
T = (L /L)2 
e 
3.20. 
where L is the average path length through the porous medium and L is 
e 
the apparent path length: 
Liiid 
L 
The pore space may be considered as a single channel of involved 
shape but constant cross-sectional area,~ A,Where A, is the cross-
sectional area normal to the path and ~ is the void volume. Therefore 
the resistance of a homogeneous porous medium saturated with electrolyte 
may be considered to be the resistance of a volume of li~id of length 
L" and area ~ A,and will be equal to 
e " 
However,the resistance of a volume of ' fluid of the same external 
dimensions as the saturated porous medium measured with the same relative 
orientation of electrodes is ~.!:.. 
A 
Therefore formation resistivity factor F is equal to: 
F = 
3. 21. 
Which simplifies to : 
F = ~~ 1 3. 22. 
Tl / 2 
F" = 3. 22. 
Tortuosity is only capable of analytical expression for a straight 
tube where L = L and hence T = unity.Fricke (1931) has considered 
e 
the conductivity of systems of randomly dispersed particles. From 
his equations an expression for the formation resistivity factor,F,of 
non-conducting particles in a system of porositY/~,is given by: 
where x is a shape factor and y is the axial ratio of particles which 
approximate to elipsoids. For spheres x = 2, Y = 1. 
Therefore F = (3 - ~) /2 for spherical particles, 
and using the definition of F but written in conductivity terms: 
F 
Thus for the gel system under consideration, whether as randomly 
dispersed particles, short chains, or aggregates,the formation resistivity 
factor,F,should be independent of electrolyte concentration except when 
surface conductance effects are present. It should therefore be possible 
for example,to calculate F from the conductivity results obtained for 
silica in ~O'~ acid and use the value of F obtained to predict the gel 
conductivities for acids of lower concentration. Deviations of the 
experimental values from the predicted values as the electrolyte 
concentration is lowered could be discussed in terms of surface conductance 
effects at the silica/electrolyte interface. 
2. The other way of allo\dng for the increased path length of the ions 
·passing round the silica in calculating the conductivity is derived from 
the obstruction effect of Dielectric Theory. 
The addition of molecular solutes to water has the effect of 
increasing the viscosity. The resistance of an ion moving through the 
solution is also increased, but not in direct proportion to the viscosity 
as predicted by simple hydrodynrunlc considerations. The explanation 
is that the increased viscosity and the increased resistance experienced 
by the moving ion are two parallel ~ffects of a common cause - the 
obstructive effect of the added solute, rather than a related cause 
and effect. In viscous flow the solute ions or molecules cause a 
distortion of the stream lines introducing a rotational quantity into 
the previously irrotational flow. The effect on conductivity and 
diffusion is an increase in the path length of the moving particles. 
This theory was first advanced by Wang (l95~). 
The situation may be visualised in terms of the simple model given 
in fig. 3. 18. The moving particles and solvent molecules are considered 
to be of negligible size compared to the particle causing the obstruction. 
The latter are regarded as rigid insulating spheres dispersed randomly 
in a continuous conducting medium. 
The motion of ions can be discussed in terms of the passage of 
electric current through the system, and from the standard methods of 
electrical theory the current lines are distorted as shown in the fig. 
3. 18 with a consequencial increase in resistance. 
The real prOblem of a large number of such ellipsoids comparatively 
close together has been discussed by Fricke (192~, 1953), in connection 
with the conductance of blood. 
However problems of steady current flow in conductors and lines of 
force in insulators are well known to be formally identical. Therefore 
the equations derived for the latter initially by Rayleigh (1892) and 
Fig. 3. 18. Simple model of the obstruction effect. 
------~------
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Robinson and Stokes (1970) 
Table 3. J". Equations for calculating,the 
Dielectric obstruction effect and the 
corresponding equations for conductivity. 
Dielectric Conductance 
1. Rayleigh (1892) 1. 
f", - ee- Cs - Ea ~ K ~ : J/2 ~ 1 - 1.5~ = • m = €.,+l.f .. f. "'2.£. if" 
2. Bruggeman (1935) 2. 
(1 -~) (tr3 K (1 _ ~)3/2 - 1.5~ r. - Em m = "'" 1 = if" E. - ea 
3. Bllttcher (19J,,5) 3. 
€..._ c .. Cs - Ea 
. ~ K 1 - 1.5~ = m = 
Ho. Cs + 21:", if" 
e .. = constant of medium K = conductivity of medium 
£ = n n mixture K 11 n mixture = m m 
t = n 11 spheres Kg 11 .. spheres s . = 0 
. . 
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subsequently by Bruggeman (1935),and Bottcher (1945),may be applied to 
the conductivity problems by simple substitution of specific conductivities 
for dielectric constants, see table 3. 4. It is important to note that 
although the mathematics are formally identical, the electrical 
conductivity of the spheres may take the value zero, but the dielectric 
constant can never be less than unity. All workers are in agreement 
that only the fraction of the volume occupied by the obstructions, 
regardless of the size of the particles, appears in the dielectric 
equations and the corresponding conductivity equations derived from them. 
For low volume fractions the equations all reduce to the same result: 
Km = (1 - 1.5 ~) K 3. 25. 
where Km is the conductivity of the mixture and K is the conductivity 
of the dispersing medium. 
Hence,the interpretation of the conductivity results would be 
based on the simple volume fraction approach initially, with the 
introduction of a correction for the increased path length of the ions 
moving through the gel should the simple approach be insufficient. 
CHAPTER 4. 
t.. 1. Scherins Bridge. 
The capacitance of the· tantalum electrode in.various aqueous 
electrolytes was aea8ured uSing a Schering polarizable 
impedaace bridge. The bridge circuit is shown diagraaaaticallT 
in fig t..l and was'constructed from higb quality components 
supplied by Muirhead Ltd. The detector was a Hewlett Packard 
Waveform AnalTser aodel Ne. }021 which had the capability of 
both phase and resultant null detection. The potential was 
proTided bT a 6v lead-acid batte~. 
The Schering bridge uBed for thls work was chosen because of 
the proTen accuracy of the AC bridge nethod in the inTestigation 
of the double layer capacity. The advantage of aeasuring the 
cell iapedance as a series coabiaati.n is apparent when it comeB 
to the interpretation of results. The experimental capacitance 
was balanced by a resistor and Tice Tersa. This i8 of adTaatage 
as large, accurate, Tariable resistors are more readily aTailabIe 
&Bd cheaper than the corresponding capacitors, waich allows the 
large pseudo-capacitauces that are occasionally obserTed to be 
easilT dealt with. With reference to fig t..l, the effectiTe 
series capacitance of the electrode is denoted bT C
xs
' the 
equiTalent series loss resistance of the iaperfect capacitor 
by RJCS' and the;iapedance, !Ii, of esch ara by !/il' 12 , Z3' and !/it. 
respectiTely. 
For zero out of balance current : 
!lil = !li2 
!Ii} !lit. 
Where Z} is the iapedaace of the cell arm. 
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Fig. 4. 1. SCHERING BRIDGE. 
I' 
6V Detector 
The iapedaaees are giTen by: 
I&~ = '1 ,1&3 = ~ + _ 1 
j!C~ jw CiS 
SolTing the balaace condition giTesf 
B = R) C2 , 
xs C~ 
Tae loss &agle .f the cell Tan d = W CX5 Rxs 
Substituting for C aad R • Taa d, = W C2 H2. 
xs xs 
la general i, vaica represents the defect of paase aagle.~,fro. 
7'(/2,is 811&11, so fie power factor Cos ~ is giTen by : 
Cos ~ = sin d = taa d = d, as .e.tio.tioned earlier. 
Therefore it is c.nTenient to depict tke loss of C
xs 
by a 
series resistaace be~auBe the balaace point is i.dependent 
of frequency. HoweTer, a,8 Rxs is generally not a constut, 
the experiaental bridge balance will be frequency depe.deat. 
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~. 2 Electrolytic Cell. 
The electrolytic cell consisted of four compartments as shown 
in fig 4.2. The reference and working compartments were 
separated by a liquid seal tap'in conjunction with a Luggin 
capillary system. 'A glass frit separated the working 
electrode compartment from that of the counter electrode. 
The fourth compartment, a purification limb/nitrogen 
circulating pump, also connected the working electrode 
and counter electrode compartments. 
The cell was cleaned prior to use by treatment with 1:1 
vol/vol concentrated nitric acid: concentrated sulphuric 
acid for 24 hours, washed with copious amounts of 
tri-distilled water, then dried in an oven at 1200 C for 
24 hours. 
The purification limb of the cell contained activated 
charcoal which had been, purified by refluxing for several 
months with 50:50 hydrochloric acid:water in a sohxlet 
arrangement. The charcoal was then transferred to a 
second still where it was refluxed with tri-distilled 
water. The water was changed every few days until no 
trace of chloride ion- could be detected. The charcoal was 
then stored under tri-distilled water until required. For 
each electrolyte the charcoal in the purification arm was 
renewed. An amount of charcoal was decanted from the stock 
to a flask containing a small quantity of the chosen electrolyte. 
The flask was shaken and the fine material present in the 
--------------------------------------------------------------- ------
69 
Fig. 4.2 Electrolytic Cell'schematic). 
C = activated charcoal 
F = gla~s frit 
L = luggin capillary system 
N = nitrogen circulating pump 
',.' '! :, l,' 
R = reference electrode compartment 
S = secondary electrode compartment 
W = working electrode compartment 
• 
------------------------------------------------------------------------
solution was decanted. This process vas repeated until a 
solution free from fines, which might otherwise pass through 
or block the frits, was obtained. The fine-free charcoal 
was gently washed down the purification limb with electrolyte 
and the cell filled'with electrolyte. The reference and 
counter electrodes were fitted ana nitrogen passed through 
the bubbler. The electrolyte was circulated under an 
atmosphere of nitrogen for at least 72 hours before 
measurements were made. 
The counter electrode was a pl~tinum gauze electrode of large 
surface area and the reference electrode was a standard 
calomel electrode. 
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4. 3. Tantalum Electrode. 
The tantalum electrodes under investigation vere.prepared from 
4.5 .. di8llleter tutal1lll rod of99~ 99% PuritT. 
The first electrode coasisted of a leBgtk of twatal1lll rod 
sealed ia a pyrex glass support bT tke tkeraosetting plastic 
"Alkatkeae". a.~ia~aa of tke electrode is shown ia fig 4. 3 (a). 
Electrical coatact vas by .eus of a thick copper vire joined 
to tAe taatalua r.d by c.adueting epoxy resia ("aiITer Aralditen ). 
UafortuaatelT a pr.blea arose vaea this electrode MaS aechuically 
polished. Because of the large differeace ia the hardness of tAe 
plasticaad tAe taRtal,., tae plastic was vora awaT •• eh aore 
rapidly bT the cloth cOTered polishiag wheel. 
Tais problea was OTercoae by usiag Araldite t. a.nat tAe rod. 
A length of rod vas placed ia a veIl greased cardboard "pill" bex 
aad tile Araldite poured in. TAe bex vas transferred to a TaCU1lll 
OTen aad the Araldite allowed to set Tery slowly to ensure that 
way air bubbles preseat were remoTed. Tae Araldite aould was 
aecaaaically polished •• a coarse abrasiTe paper uatil the 
tantalua rod vas reTealed. The aould was aechanieally polished 
on successiTely fiaer abrasiTe papers, followed by pelishiDg 
cloths with lp., 0.5p and 0.25 p diaaoad paste. Tile polished 
.oald was lathed down te giTe a tight fit ia tae Pyrex support 
in Which it was sealed with rapid-setting Araldite. la tllis 
electrode, aereury was used to prOTide the electrical co.tact 
between the taatalum aad the cepper co .. ecting wire. See 
fig. 4. 3 (b). 
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Fig. q. 3. (a) TANTALUM ELECTRODES 
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(Flat) t=::::I........J= 
Preparation of the electrode surface was fouad t. be critical, 
saall differeaces i. the treataent produced aarked chaages ia 
the Tal.es of capacitaace .easured. Tke electrode was 
.echaaicallY polished oa abrasiTe paper to 600}1 grits, the. 
on polisliiRg cloths with l/l' 0.5 J1 &Bd 0.25/l diaaoad paste. 
Tke electrode was cleaaed with ethaaol &ad large &aouats of 
distilled water betweea each stage &ad after the 0.25 p polish. 
The electrode was chemicall7 cleaaed usiag the cleaniag procedure 
reco.mended by Tegart (1956): a tea secoad dip ia a 5:2:2 
aixture of 98% H2SO'* : 70% RNO:> : '*9% HF. followed b7 
leachiag in boiliag water for t hour. This produced a highly 
reflectiag,sligbtly rippled appearaace to the flat electrode 
slll'face. 
A aegatiTe poteatial was applied to the electrode before 
fittiag it iato the cell to discourage &ay oxidatioa waich .ay 
otherwise occur due to the great affiaity of oxygea for 
taatal1_. 
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4.4. Experimental Measurements on the Tantalum Electrode. 
The different sets of measurements made for each 
electrode/electrolyte combination under investigation were: 
1. .The polarizable range was determined by connecting 
a DC microammeter between capacitor C4 ( see fig. 4.1 ) 
and the tantalum electrode. Starting with a negative 
potential. applied, tlPically -l.OV vs SCE ( standard 
calomel electrode ), the current was noted after 
intervals of 2 and 5 minutes. The potential was then 
made more positive by an increment of O.lV and the 
current again noted after 2 and 5 minutes. These 
measurements were repeated until the polarizable range 
had been identified. 
2. The electrode capacitance and series loss resistance 
were measured as a function of: 
(a) Potential at fixed frequency. 
(b) Frequency at a fixed potential. 
(c) As a function of time at a fixed potential 
and frequency. 
73 
Ij.. 5. The Anodizing of Tantalum. 
The investigation of ,the effect of, forming ,the oxide on 
taatalun by anodizing i. ,elled electrolytes On tae properties 
of the oxide fila was carried eut at TAe'Allen Clark Research 
Centre, Towcester, North-.ts. 
The apparatus'used in the laboratory for tae anodizatie. 
of t-.talua foil i. either sulphuric acid or gelled sulphuric 
acid electrolyte is show. scheaatically in fig. 4. Ij. and 
the construction of the anodization cell is showa in .ore 
detail in fig 4. 5. TAe power supply constructed by the 
electrical workshops of the Research Centre allowed 
anodization to be carried out at either constant current 
or constant potential. The current flowing through the 
eell and the applied potential were measured on either a 
digital meter or an avoaeter, and one was also aonitored 
as a function of tine on a chart recorder. Temperature 
control was achieved by a mercury in glass contact 
thermometer operating via a simple relay an Isoaantle, 
and the electrolyte was stirred by a small stirrer driven 
by an electric motor. Temperature control was of the 
o 0 
order of + 2 C for the gelled electrolytes and ± 1 C for 
The cathode was a loop of -2.5 cm wide 
bright platinum foil located about half-way dowa the lower 
part of the cell and held in place by the cooling coil. 
A thick platinum wire welded to the foil and passing through 
a glass seal in the side of the cell allowed electrical 
contact to be made. The anode, a short length of the 
7/ 
· . 
Fig. 10. 10. BLOCK DIAGRAM OF ANODIZING APPARATUS. 
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Fig. 4.5. Anodizing Cell. 
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tantalum foil, was supported in the anodl,ing cell by one 
of the methods shown in fig ~. 6. 
There were certain problems encountered when attempting to 
Bnodi,e in gelled ~o% sulphuric acid electrolytes. 
Firstly,the thin foils proved difficult to immerse in the 
viscolls electroiyte and a glass rod was'used to stop the foils 
just lying on the surface of the gelled electrolyte instead 
of hanging vertically within it. Secondly,the voltage was 
. 
found to increase slowly as expected but only until about 
- 10 V was reached. The voltage remained constant at this 
value instead of continuing to increase. The cause of this 
behaviour was traced to the uneven heating within the cell 
which created hot spots in the gel and caused it to bubble 
vigorously. Large lumps of gel were thrown onto the sides 
and lid of the anodization cell and eventually sufficient 
acid was present on the surfaces to create a conducting 
path from the anode support wire to the cathode by-passing 
the foil and anodization stopped."Stopping Off" the support 
wires with "Lacomit" reduced the likelihood of the conducting 
path being created and most runs proceeded without trouble. 
The simple expedient of wiping the lid should anodization 
be halted permitted anodixation to be completed. The third 
and minor problem was that anodization in the gelled 
electrolyte seemed much more sensitive to traces of grease 
or oil on the foil surface and on occasion anodi%ation was 
halted,so extra care was required during the handling of the 
foil after the cleaning stage not to contaminate the foil. 
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Fig. 4.6. Methods of Supporting Foils During Anodizing. 
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~. 6. Field Recrystalli2ation. 
For the tield crystallization study, thin tantalum toils 
(7.60jWR tkiek) were used. Prior to aaodizing, the toils 
were cleaaed in kot propaaol for' tkirty minutes to remOTe any 
grease and rolling oils collected during the manufacturing 
process. Tke foils were formed to 120V at a coastant curreat 
of O.la! c.-2 at 85°C and ke1d at tkis potential for 60 mi.utes. 
Samples of foil were anodized in sulphuric acid, and in a series 
of gelled sulphuric acid 'electrolytes with silica contents in 
the range '.7 to 7.5 per ce.t by weight. Gels for use ia the 
anodizatioR cell were prepared by the Loughborough standard 
aethod-, but a weight of silica per Toluae of acid was used 
because of the large quantity of gel required to fill the 
anodization cell. After aaodi~ation the foils were washed 
with distilled water and dried. RepresentatiTe areas of foil 
selected froa the central section of eaeh foil wezeexaained 
under both the optical aad SCaRRing electroa aicroscopes. 
The first mierographs of foils anodised in gelled sulphuric 
acid had a "WOGay" appearaace, aad tke use of EDAX demonstrated 
that silica was present on the surface. Various aethods of 
treating the foils to remOTe the silica were tested including 
cold and hot dilute sodi .. hydroxide • The best and simplest 
method was scrubbing the foils with cotton wool under distilled 
water. This lIlethod was shown'to reaOTe the silica deposit Tery 
efficiently and all subsequent foils were treated in this manner 
after anodization • 
• For details of mixing aethod see page 93. 
4. 7. Scintillation Voltage. 
The scintillation voltage of ' foils in various electrolytes 
was determined by anodizing"at rOOm temperature and at a 
- -2 constant current density of 2aA cm • The formation 
Toltage was set on the power supply to 200V which was a 
much higher Talne than the potential where scintillation 
- ' . 
was expected to commence. Two foil thicknesses were 
used, 7.6 pm and 102 pm. The thicker foils were 
chemically polished for 10 seconds in the 5:2:2 ratio by 
. 
. : 49"} HI!' acid batl! 
recommeaded by Tegart (1956), followed by leaching in 
boiling water for 30 minutes. 
TAe other foils were too thin to be treated in tBis way 
as they would haTe disintegrated and they were cleaned using 
the propanol treatment mentioned earlier. 
The Tariation of Toltage with time as anodization proceeded 
was monitored on a chart recorder. The onset of scintillation 
could be detected from the recorder trace as the s.ooth 
increase in Toltage changed at this point to a series of 
rapid Toltage fluctuations see fig 4. 7. For anodization 
in the acid alone the small sparks which trailed across 
the foil surface were easily Tisible giTing a second 
method of dete~ining tl!e onset~~cintillation. The two 
observations were separated by between 2 and 3V because 
the recorder trace picked up the breakdown which occurs 
at the fOil/electrolyte/air interface at a potential 
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Fig. 4. 7. Onset of Scintillation seen 
from Volts versus time. 
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less than that of the oxide/electrolyte interface alone. For the 
opaque gels the measurement relied solely on the recorder trace 
so the correction for the break~own at the foil electrolyte air 
cannot be made and ~onsequently there is a larger error in the 
scintillation voltages for gels. 
4.8 Electrical Properties of Oxides. 
The effect of anodiZing in gelled 4~ sulphuric acid 
compared to the acid alone on the electrical properties of the 
oxides formed required large area specimens of foil of closely 
defined area. The area was defined with the aid of a " stopping 
off " compound ( either Durafix or Lacomi t ) after the foils had 
been anodized at 850 C and a current density of 0.1 mA clll-2 to l20V 
and held at this potential for 60 minutes. 
The properties compared were : 
1. capacitance 
2. tan d' 
3. current versus potential in both the forward and 
reverse directions. 
The measurelllent of capacitance and tan d' were made using an 
Electrolytic Capacitance Bridge model CB 154/5 manufactured by the 
British Physical Laboratory coupled with a waveform generator model 
LFl4l manufactured by Servomex Ltd. 
The tantalum foils were suspended midway between the two large 
counter electrodes of the simple cell shown in fig. 4.8. The counter 
electrodes were 2.5 cm square platinum black electrodes externally 
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Fig. 4. 8. TEST CELL 
+ 
f' 
Tantalum foil under test 
linked with platinum wire. The cell contained a boric acid-
ammonia (aq.) electrolyte o~.resistivity e = 150 to 200 ohm cm. 
The capacitance and dissipation factor were measured at 100 mY, 
500 lIB and GOY DC ( half the formation voltage ), and then at 
six other fr.eq~encies below 500 lIB. 
The current-voltage curve was obtained using digital 
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voltmeters and ammeters, the power supply used with the anodizing 
apparatus, and the test cell and boric acid-ammonia (aq.) electrolyte 
used for the capacitance and dissipation measurements. The positive 
branch of the curve was examined first because of the possibility 
of damaging the oxide film at negative potentials. 
The chemical composition of the oxide films formed by 
anodizing tantalum foils in the gelled 40% SUlphuric acid were 
examined using Auger electron spectroscopy and the EDAX ( energy 
dispersive analysis of X-rays ) facility of the scanning electron 
microscope. The main purpose of this investigation was to search 
for evidence of the incorporation of silica into the bulk of the 
oxide film and/or into the oxide surface. 
: 
~. 9. Thermostatted Tank. 
The thermal coefficient,~, of conductivity for aqueous solutions 
is fairly high, being approximately 2% per degree near room 
temperature. Therefore temperature control must be better 
than ± 0.0050 C to ensure the desired accuracy of 0.01% in the 
measurement of..conductivity. The requirement was achieved 
by the construction of a thermostatted oil bath as detailed 
below: 
an 80 I metal domestic water tank with a plate glass 
window fitted in the front panel to allow observation 
of the conductance cells, see fig ~.9, was insulated on 
the other three sides with~ 2.5 cm thick expanded 
polystyrene and~ 0.3 cm thick hardboard. The tank 
was mounted on a,- 2.5 cm thick wooden base and the 
same material was used to make the lid. The lid was 
constructed in three sections, two sections were bolted 
in place and the other was used between measurements to 
maintain the temperature. During measurements the gaps 
between the plates supporting the cells were covered with 
sheets of asbestos and/or short lengths of wood. Three 
variable speed motors (50 - 500 r.p.m.) fitted with 
stirrer blades were mounted on three corners of the lid. 
The speed of the motors was controlled by a variac and 
two transformers. The voltage and current across the 
field coils (93V,0.22A ) and across the brushes (25V,O.IA ) 
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were measured. One transformer was wired across the field coils 
and the other across the commutators and the variac used to vary 
the input across the field coil~ to vary the motor speed. 
For temperatures in the region of 25°C the stirrer motors 
were run at minumum speed, but for higher temperatures the 
speed was considerably increased. At 25°C the heat generated 
by rapid stirring was equal to a large proportion of the total 
heat input required to maintain the temperature above that of 
the room and consequently after a few hours of operation the 
temperature would rise continuously. At higher temperatures 
the total heat input required is much larger and the contribution 
due to the stirrers is insufficient to affect the temperature 
control. 
A mercury in glass contact thermometer placed in the remaining 
corner of the lid of the tank controlled the heaters via a 
relay system. The heaters, two or three light bulbs of 
various wattages in the range 40-100 watts could be 
operated in series or parallel. In addition a 150 watt 
bulb could be included in the circuit for rapid heating. 
A cooling loop made from 5m of O.6cm diameter copper tUbing 
was fitted along the base of the tank and connected to the 
mains water supply for the operation of the tank at 
o temperatures in the region of 25 c. For lower temperatures 
antifreeze solution cooled by a refrigeration unit was 
circulated,through the coil, or the refrigeration unit waS 
coupled directly to the tank. 
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Accurate temperature control is most readily achieved using 
water as the thermostating medium because of its specific 
heat capacity, its ,low viscosity vhich facilitates stirring, 
and its slow evaporation to dissipate surplus heat. Water 
is'also plentifUl,. cheap, clean and odourless. However, 
as described in the introduction it may not be used in 
thermostats designed for conductance measurements because 
of its conducting properties, see Jones & Josephs (1928). 
Therefore, oil with its excellent inSUlating properties has 
to,be used and the disadvantages with respect to viscosity, 
specific heat capacity, and loss of the cooling effect due 
to evaporation have to be remedied in the construction of 
the thermostat. 
The oil chosen for this· purpose after consultation with the 
Technical Services Division of The Shell Oil Co. was 
Faunus Oil vhich had a relatively low viscosity over 
·00 
the temperature range 10 - 120 C, no unpleasant odours 
on heating, and was relatively transparent. 
• 
4. 10. Conductivity Measurements. 
Condu~tivity measurements were made using a Wayne Kerr Universal 
Bridge for the measurement of admittance or impedance at audio 
frequencies. Eigat decades, four for conductance and four for 
capacitance were operated in succession to obtain a balance. 
The frequency ~sed for routine measurements is that of the 
internal oscillator of the bridge which is set at 1592 He, 
4 chosen because that frequency leads to w = 10 • Conductance 
measurements quoted in this work were made at this freq~ency 
unless otherwise stated. 
The bridge has the capability of operation with an external 
source and either the internal detector for the frequency range 
200 He - 50kHB, or with an external detector for a wider 
frequency range. 
The effect of frequency on the conductivity was measured 
with the aid of an oscillator designed around a Voltage Controlled 
Audio Oscillator Chip (r~e 200He to 20hHe) and a General Radio 
tuned amplifier/null detector. The waveforms of the input signal 
to the bridge from the oscillator and the output signal from the 
bridge to the detector were monitored on an Advance oscilloscope 
when the bridge was used in this mode to ensure distortion effects 
on the signal were minimal. 
The earthing loops between the various components were 
eliminated by rewiring all the earth terminals to a mains vater 
pipe, The thermostatted tank vas also earthed to a mains water 
pipe as an additional assurance against capacitance by paths 
interfering with the measured conductivity.- See Jones and 
Josephs (1928). 
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q. 11. Conductivity p,e!l!l. 
A modified version of the conductance cell for use with sulphuric 
acid solutions described by Houghton (1951), was constructed 
from pyrex glass with two Pt/Pt.black electrodes and copper 
connecting wires, see fig ~. 10. The electrodes were platinum 
discs of 1 cm diameter welded to platinum support wires mounted 
in a graded gl~ss seal. (Pt - soda glass-pyrex). . Tae electrodes 
were platinum blacked to minimise errors in the conductance 
measurements due to polarization (see Kohlrausch 1897) using 
the conditions recommended by Jones and ~llinger (1935), 
namely in 0.025M hydrochloric acid containing O.)Pp platinum 
chloride and 0.025% lead acetate at a current density of 
, 
-2 10 mA cm • The polarity of the electrodes was altered 
every 10 s until an even black deposit could be seen on 
both electrodes. 
The thick copper connecting wires were silver soldered to 
the platinum support wires and the other ends silver soldered 
to female gold plated microconnectors. The screened co-axial 
cables from the bridge to the cell were fitted with the 
corresponding male microconnectors. 
The lead resistances of the cell were determined by filling 
the cell with mercury and measuring the cell conductance. 
Using the value for the resistivity 
,. 
given in the International Critical 
ohm cm and the measured conductance 
o 
of mercury at 20 C 
tables of 0.58 x 10-5 
-1 
of 2~.56 m OAm and 
equation 3.3 given in the introduction, the lead resistance 
Fig. 4. 10 
CONDUCTANCE CELL I 
- -.-
was found to be 2.88 x 10-6 S which may be .ignored as it is 
within the error of the bridge. 
The cell suffered from two disadvantages: part of the 
cell filling arms and the caps were above the oil level and 
consequently ~ondensation occurred on these parts. causing 
an alteration of the concentration of cell electrolyte and 
hence of the Measured conductance with time; secondly. 
cell filling and emptying of the more viscous gels was 
extremely difficult. The first of these problems was easily 
resolved by the introduction of a ground glass seal in the 
filling arms below the oil level. The cell was made air-tight 
by a long-stemmed ground glass stopper, see fig. 4.11. The 
cell was filled with electrolyte to within lcm of the stopper. 
On immersion of the cell in the oil the air space above the 
electrolyte in each filling arm rapidly reached the equilibrium 
saturated vapour pressure at the temperature of the oil and 
further changes in concentration were eliminated. 
The filling of the cell with the more viscous gels 
remained a problem and imposed a restriction on the maximum 
gel concentration that could be examined for each electrolyte 
concentration. 
A second cell of a different design, see fig. 4.12, waS 
constructed from similar materials to those used in the first 
cell. The narrow-bore tube separating the electrodes was in the 
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Fig. 4. 12. CONDUCTANCE CELL 11 
horizontal plane'and the filling arms were offset from the 
centre of the cell to aid filling and emptying, and to create 
turbulence wken flushing out the cell with running water. 
i'lae other reasons for the choice of this design for the cell 
were that the cell constant was lower, that any possible 
temperature gra~ient with depth wlthin the oil would have a 
minimal effect on this cell compared to the first, and that 
any compression effects on the gel due to gravity wkich 
might influence'the gel structure and possibly the conductance 
would again be minimised compared to those in the first cell. 
Cells I and II were attached to thick aluminium plates 
by the filling arms using a silicone rubber adhesive to ,give 
them some rigidity and as an aid to handling. i'lae plates 
slotted into the groove between the fixed portions of the 
lid of the tank with the added advantage that the cell was 
always immersed in the oil to the same depth and that an 
effective air seal could be obtained helping reduce any 
temperature fluctuations due to changes in room temperature. 
A third cell based on the dilution cell of Shedlovsky 
(1932) and Daggett et al (1951), see fig ~. 13 , was used 
for the examination of gels prepared from potassium chloride. 
The cell could not be used with the more highly conducting 
-1 
acid gels because the cell con~tant was only 5.00 cm • 
The method of use of the cell is as follows; a known 
amount of an accurately preparetl gel is poured into tile 
flask. i'lae flask is tilted to allow the gel to enter the cell and 
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Fig.'~. 13. CONDUCTANCE CELL III 
the conductance is measured. The gel is run from the cell back 
into the flask and a weighed amount of the potassium chloride 
solution used in the preparation of the gel is added to the 
cell from a weighing pipette,see fig. 4. 14. The gel and 
solution are mixed by shaking and the resultant "gel" is 
flushed through the .cell a few times and the conductance 
measured. Successive additions of electrolyte to a maximum 
of 250 mls total volume may be made, the conductance is 
measured after each addition. 
The fourth and last type of cell is shown in fig. 4.15 and 
was designed for use in the temperature cycling cabinet 
described below with acid solutions at -55°C, and with 
the potassium chloride gels at room temperature for rapid 
comparison of different gels. The dip-part of the cell 
consisted of a B 56 cone drawn down to join a graded glass 
seal (pyrex to soda). A length of platinum rod of 
approximately 1.5 mm in diameter was set in the soda glass 
and silver soldered to the copper connecting wires which were 
sheathed in polythene tubing. The dip-cell was fitted into 
a cylindrical round bottomed tube, the two parts being always 
aligned in the same way by use of two marker lines to 
minimise variations in the cell constant due to the dissymmetry 
of the cell. The platinum electrodes were platinum blacked 
in the same way as described earlier for the other cells. 
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Fig. 4. 14. WEIGHING PIPETTE. 
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~. 12. ,Low Temperature Thermostatted Cabinet. 
~ temperature cycling cabinet commonly used for the routine testing 
of electrical and electronic components over the range _1000 to 
+ 150·C controlled to ± 2·C was taken as the starting point for 
the construction of an air thermostat giving accurate control to 
o ± 0.01 C 
, 
or better for temperatures below 5°C and particularly 
, 0 
for use at -55,C. The cabinet had internal dimensions of 
25 x 33 x 30 cm with access via a stoppered porthole for 
measuring cables etc., and via a hinged lid on which a single 
speed fan,and two 250 watt heating elements we~e mounted. 
Three major inconveniencies inherent in using the cabinet 
were (1) that the cell could not be viewed during the 
measurements, (2) that the cabinet could not be opened once 
the temperature was below OOC and (3) liquids could not be 
used as thermostating media. 
. The manufacturers claim of temperature control to + 20 C was 
. -
rapidly confirmed from the observed variation in eonductivity 
with time for a qO% sulphuric acid in cell 11 at OOC and at 
-550 C shown in figures q.16 and q.17 respectively. The 
time taken for the cell to reach thermal equilibrium was also 
determined 'from the plot of conductivity versus time shown in 
fig q.18. 
Various methods of improving the temperature control were 
investigated and their perfor~ce compared b~ following the 
change in conductance with time of qO'~ sulphuric acid in either 
cell 11 or cell IV. 
The first attempt at improving temperature control was to lag 
cell 11 with foam rubber pipe insulation. A small reduction 
in the variation of conductivity with time., see fig q.19 
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Fig. 4. 16. Conductance vs time, 40% H2S04 in Cell II at OOC 
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Fig. 4. 17. Conductance TS time, 40% H2S04 in Cell II at -55°C 
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showed that the temperature control was marginally improved 
but the equilibration time determined from the conductivity 
versus time plot see fig. ~. 20, was 3 times longer than that 
for the.unlagged cell. The average conductance was still 
drifting downwards with time after 5 hours. A similar result 
was obtained for tke lagged and unlagged dip cell, cell IV. 
The basic' -idea behind the two attempts of improving 
the temperature control described below was to run the 
cabinet cooling system continuously and balance the cooling by 
a secondary heating/temperature control system. 
The first method was based on a hardboard/blockboard 
box constructed to fit inside the cabinet. The box was 
lagged inside with 2.5 em thick polystyrene. A 100 watt light 
bulb was used for a heater, the output was regulated by a variac 
and controlled by a thermocouple/relay system. The reference 
junction (hot) of the thermocouple was maintained at OOC by 
immersion in an ice/water mixture in a TaCllum flask. The 
cold junction was taped to,the narrow bore tube of the cell 
11 which rested on polystyrene supports in the box. The 
o ° cabinet temperature was set to operate at -57 to -58 C. 
The secondary control,was set to operate at -55·C. The 
variac setting was adjusted to give the smallest change 
in conductivity Tersus time. The best combination of 
settings gave a very small impr.ovement relative to that of 
the lagged cells, but the thermal equilibration time had 
increased to over 16 hours. 
----------------------_._--
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An electrically operated flap fitted in attempt to reduce this 
time, being left open during the cooling period tllen closed 
When tile desired temperature Ila~ been reached made little, 
if any, difference. The probable reason for this long. 
equilibration time was that the bulk of poorly conducting 
material vas too great for the capacity of the cabinets 
cooling system to cope with. Tke variation in obserTed 
conductiTity with time and the switcking of the secondary 
heater and the cabinet cooler are shown in fig 4.21. 
The other attempt at improving temperature control 
utilised a nest of light bulbs placed in one corner of the 
cabinet and regulated by tile same tllermocouple/relay system 
as before. A 150 watt bulb tke output of which was controlled 
by a variac was switched on continuously once -55°C had been 
reached to crudely balance out the effect of the constantly 
. running cooler. In the opposite corner from the light 
bulbs the cell was mounted on polystyrene blocks and partially 
lagged with foam rubber pipe insulation. An asbestos sheet 
was placed between the light bulbs and the cell to shield 
the cell from direct heating but air was still able to 
circulate freely. A 2.5 cm taick sheet of polystyrene was 
placed on the floor of the cabinet. 
The bulb wattages and control settings were varied 
until the smallest change in conductance with time was found. 
As may be seen from fig 4.22, tae variation in conductivity with 
o 
time vas small and equivalent to a temperature control of + 0.002 C 
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which is of the order required. However, there was a gradual 
and constant upward drift in temperature~ 
After several weekQ,of adj~sting the ~ulb wattages and contro~ 
settings with no further improvements, it became clear that 
either the amplifier in the circuit between the thermocouple 
and the relay Was drifting due to heating effects within the 
circuit or that the cooling system became less efficient with 
time. In view of the limited time available for this work 
it was reluctantly decided to abandon further attempts at 
o 
making conductance measurements at - 55 c. 
, .-
Had more time been available a cryostat based on cooling by 
liquid nitrogen would have been constructed with a purpose 
built temperature regulating system. 
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/j. 13. Gel Preparation. 
Superficially the.preparation.of gels_from silica and sulphuric 
acid was simple. The desired amount of silica was slowl7 
added to a solution of sulphuric acid whilst stirring with a 
glass rod. The resultant mixture was then mechanically 
stirred using a single bladed stfrrer for 10 minutes at 100 
r.p.m. to give a smooth gel of even consistency. However, 
the initial conductance measurements showed marked differences 
between nominally similar gels. A close examination of the 
. 
method of gel preparation revealed that there were small 
variations in consistency. These variations were first 
noticed during the transfer of gel from the beaker in which 
it was prepared to the conductance cell. The gel from the 
centre of the beaker flowed easily into the cell but that 
around the edges and base of the beaker was more viscous, 
although the gel had been stirred immediately before transfer. 
Various mixing procedures were compared, commencing with the 
single bladed stirrer mentioned above but in a 1ight17-
fitting vessel, then stirrers of 2, 3 and more blades, and 
finally a stirrer designed to scrape the walls of the vessel 
and cause increased ~urbulence,all for a designated time at 
100 r.p.m. A diagram of the various stirrers is given in 
fig. 4. 23. 
The effect of an ultrasonic probe on the mechanically stirred 
gels was examined,· and finally the operation of a plunger in a 
parallel sided vessel, see fig. /j. 2/j., a set number of times 
was tested. The procedure adopted as standard for the reasons 
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Fig. '>. 23 GEL STIRRERS. 
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Fig. q. 2q. Plunger mixer used for 
Loughborough Standard Mixing Method. 
detailed in Chapter 5, pagel09 was as follows: 
The sulphuric acid electrolyte'was transfered from a stock bottle 
to the straight-sided cylindrical vessel and weighed on a top 
pan balance to + 0.005 gm. 
- . 
An amount of silica was weighed 
using a weighing boat on the same ~alance and slowly added 
to the acid wHst stirring with a gla811 rod. When all the 
silica had been added the mixture was stirred a few more times 
before·the plunger Was fitted and a lIet number of plunges made. 
The gels of low viscosity were pourea directly into the 
conductance cell but those of higher viscosity were transferred, 
a small amount at a time, to the filling arm of the cell and 
eased into the cell with a glass rod. In the latter cases 
the conductance was monitored for a much longer period to 
ensure that the gel had fully recovered from any stress 
sustained during filling wich might have affected the gel 
structure and/or the conductance of the gel. 
Normally a .. conductance:',cell 1S filled. and emptied several· times 
with each electrolyte before a measurement is made to ensure 
that effects such as adsorption at the electrodes and trace 
amounts of water left in the cell do not alter the electrolyte 
concentration and hence the conductance. For the case of the 
gels this was clearly cimpracticable. In order to achieve a 
standard condition the cell was flushed out several times with 
the electrolyte solution used to prepare the gel and the cell 
turned upside down and allowed to drain for a couple of 
minutes. The cell was shaken gently during this period to 
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ensure that the drops of electrolyte which tended to stick between 
the electrodes and the graded seal were removed. The gel was then 
transferred to the cell which was stoppered and placed in the 
thermostatted tank. The time taken for 4(l"~ sulphuric acid 
solution to reach a constant value of conductance in cell I or 11 
o 
at 25 C was approximately 20 mins.- All gels were monitored for 
a minimum of 1 hour to ensure a constant value of conductance had 
been achieved although in the vast majority of cases the 
conductance ceased to change after 20 mins. At regular 
intervals gels or electrolyte solutions were left in the cells 
overnight, over a weekend, or occasionally for a longer period 
and the conductance monitored as a check on the temperature 
control of the tank and the stability of the gels. 
I • 
- ---------------------------------------
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4. 14. bensity Measurements. 
The density of electrolytes used to prepare the gels and that of 
the silica was measured using a standard density bottle of nominal 
o 
volume 25 mls at 20 C. 
Temperature control was by means of a common type of laboratory 
water bath capa~le of controlling temperature to ± O.loC. 
The density bottles were filled with the electrolyte to be 
·examined, brought to temperature and the excess electrolyte carefully 
removed by soaking up with a filter paper. The bottle was removed 
from the water bath, carefully dried and "eighed. Each electrolyte 
density was determined several times and the mean value used in the 
calculations. 
The density of silica "as determined using the standard method 
for a solid using a liquid in "hich it does not react chemically or 
dissolve. It should be noted that when the liquid was being added to 
the silica already in the \fcighing bottle the addition "as done in 
several stages and the bottle was shaken vigourously bet\feen each 
addition to ensure that any trapped air was released. 
4. 15. Production Testing of the. effect of Gels on" Capacitor Properties. 
The aim of the time spent during this work at the Tantalum 
Capacitor division of The Plessey Co. Ltd. was the investigation of 
the effects of the gel dispersion and gel concentration on the 
properties of production capacitors. The capacitors .'ere assembled 
on The Plessey Co. Ltd's production line using standard capacitor 
components by the usual machine operators, the only difference 
being that the gels used "ere prepared by the author. 
The effect of gel dispersio~ was examined by the comparison 
of the effect of two different mixing methods used to prepare 
, 
the gels on the capacitance, 10a8 angle, and leakage current 
of capacitors. -:100 capacitors were aasembled, fifty containing 
gela prepared using a single bladed stirrer at 100 rpm for 10 minutes 
in a large beaker, and the remainder containing gels prepared 
by the atandard method deTised for conductance measurements 
detailed earlier. 
A further batch of capacitors was assembled. Ten 
capacitors for each gel concentration, cOTering 0, 5, 6, 7 
& S% wt!Tol silica. 
The Test procedure used to eTaluate the performance of 
the capacitors was based on that specified in British Standard 
BS 9073, F003 and FOO~. The capacitance, loss angle, and 
leakage current were measured at 25°C (room temperature) 
on a BPL Electrolytic.Capacitance Bridge and batches of capacitors 
subjected to one or more of a series of conditions,then 
retested. 
Capacitors were subjected to an endurance test lasting 
1000 hours. The full working Toltage of 50V was applied and 
o the temperature was 85 c. The capacitors were allowed to 
recoTer under normal laboratory conditions for It hours 
before the final measurements. 
Other capacitors were subjected to a total of 10 
o 0 temperatures cycles of -55 c to +125 C. The two extreme 
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. . 
temperatures were held for 0.5 hour at each point iR the cycle. 
The capacitance, loss angle, and leakage curreRt were measured 
at room temperature before the cycling started, after 5 cycles 
and after 10 cycles. The imped~ce at two frequencies, 50 Hz 
, 0 
and 100 kHB, was measured at -55 C and the capacitance, loss 
angle and leakage current were also determined at +1250 C. 
After the temperature cycling, the capacitors were subjected 
to a Tibration test at 2000 Kz giTing a mOTemeRt of 0.75 .. 
"which is equiTalent to an acceleration of N98 &8-2• The 
capacitors were Tibrated for 15 hours in a Tertical poaitioR 
followed by 15 hours in a hori~ontal position. The final 
Talues of capacitance, loss angle,and leakage current were 
then measured. 
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4. 16. Haterials. 
Conductivity water: tri-distilled from dcionised stock in a 
quartz still and stored in Pyrex stoppered flasks "hich had been 
used solely for this purpose for many years. The conductivity, of the 
water at 25°C was less thall 1 x 10-6Sm-1 • 
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Sulphuric acid : A.n. Grade (s.G. 1.84) manufactured by Fisons 
Ltd. and used without further purification. 
potassium cbloride A.n. supplied by FisonsLtd. A stock "as 
stored in an oven at 2000 C and transferred to a vacuum dessicator to 
cool in~ediately before use. 
Potassium nitrate A.n., sodium sulphate A.n., potassium 
hydroxide A.R., sodium perch16rate A.n., and perchloric acid A.n. 
supplied by Fisons Ltd. and used without further purification. 
Oxalic acid and potassium oxalate : Analytical Grade supplied 
by B.D.n. Chemicals Ltd. and used ,;ithout further purification. 
Fumed Silica: DT075 Grade, supplied by Ciba-Geigy Ltd. A poor 
quality fumed silica with u large particle size distribution and lm{ 
purity commonly used as a filler in the Adhesives Industry. 
H5 and EH5 Grades, supplied by Cabot Carbon Ltd. High quality grades 
of fUlDed silica ,dth closely defined particle sizes and surface areas. 
These grades have a widespread use in industry and are of sufficient 
purity to be used in Foodstuffs. 
Grade 
N5 
EH5 
Average Agglomerate 
Diameter ( pm ) 
12 
7 
Sur~n~1 Area 
m g 
200 ± 20 
pJI 
2.2 
.2.2 
Tantalum rod supplied by Hetals nesearchLtd, 99.99"~ purity. 
Tantalum foil supplied by Johnson Matthey Chemicals Ltd. 
Cell 
K (-1) cell cm 
I 
26.23 
In 
5.00 
IV 
2.18 
CHAPTER 5. 
5.1. Schering Bridge. 
Before making any. measurements on the tantalum electrode and at 
regular intervals during the. course of this work the accuracy 
and working of the Schering bridge were checked using a simple 
cell analogue consisting of a 400.or 500 ohm resistor in series 
with.a.l.0j!F capacitor. The resistance and capacitance of the 
series combination were measured over the frequency range 200 _ 
1,500 R ... The typical results given in table 5.1. show the 
bridge to be quite $ensitive. The slight displacement of values 
is due to the small deviation of the value of the capacitor from 
1.Of'F and the problem at low multiples of 50 R .. where the 
harmonics tend to interfere with beat frequency detection. 
The bridge is most accurate at a frequency of 1 kH... The 
investigation of the tantalum electrode may be conveniently 
divided into two sections: 
1. studies using solutions containing simple inorganic 
ions. 
2. oxalate-solutions. 
For brevity it is to be understood that all the electrode 
capacities given unless stated otherwise refer to that of the 
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tantalum electrode measured at room temperature (23°C) at a given 
potential with respect to a standard calomel reference electrode{SCE) at 
a frequency of 1 kH .. in the solution stated. 
Table 5.1. Resistance and Capacitance Measurements on a Cell 
Analob'Ue to check the accuracy and working of 
the Schering Bridge. 
Analogue: 400Jl.,. lpF 
--vvvv--II-
Frequency. R2 C2 
Hz ,n pF 
206 1041 518 
}10 1017 447 
410 1011 425 
506 1009 415 
600· 1008 1,10 
710 1004 1,06 
799 1002 1,05 
900 1000 1,04 
1000 998 1,03 
1100 996 402 
1200 991, 402 
1300 991 1,02 
1400 989 400 
1500 986 1100 
ie at 1000 Hz the capacitance is 0.998 FF and the 
resistance is q03Slcalculated using the equations 
given on page 68. 
. . 
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5.2. Tantalum Electrode in Solutions containing Simple Inorganic Ions. 
The polarization curve given in fig. 5.1 is a typical result for 
tantalum in 1.0 M KCl, and shows that there is a well defined polarizable 
region between,: 1.0V • The current flow and gas evolution 
at the two extremes of this regio~ interfere with the measurement 
of the electrode capacity. 
Successive dilution of the 1.0 M KCl electrolyte down to 
0.01 M caused little alteration of the polarization curve. 
Typical electrode capacitance curves for tantalum in 1.0 M KCl, 
0.1 M KCl, and 0.01 M KCl are given in fig. 5.2. The remarkable 
feature of these curves is the low value of the electrode capacitance 
-2 
which lie in the range below 9~F cm • This is a similar resnlt 
to those obtained by Brodd and Hackerman (1957),an~McMullen and 
Hackerman (1959), for tantalum in 0.5 M Na2SOq solutions. The 
capacitance remained relatively constant as the electrode was 
driven more positive, but fell markedly at -O.lV in 1.0 M KCI. 
This fall in capacitance is interpreted in terms of oxide film 
thickening at the more positive potentials. The fall in capacitance 
was not observed for the more dilute solutions. However, there was 
a considerable time dependence of the capacitance observed in this 
region. The approximately exponential time decay of the capacitance 
is shown in fig. 5.3 and indicates a first order thickening of the 
oxide layer present on the tantalum, presumably by high field ion 
conduction processes. The fall of electrode capacitance in 
1.0 M KCl at -O.lV is in accord with an increase in film thickness 
determined from the parallel plate capacitor formula (see equation 1.1). 
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Fig. 5.1. Current vs Potential for Tantalum in 1.0M Potassium Chloride. 
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The electrode capacitance of tantalum in 1.0 M NaCI04 ' 
1.0 M HClOlj,' and 1.0 M KOH was virtually constant over the 
polarizable potential range as shown in figs. 5.Ij" 5.5, and 
5.6 respectively. The capacities were again remarkably low, 
-2 lying in the range between 3 and 5 fF cm 
From these results of electrode capacitance versus potential 
we are forced to conclude,as did earlier workers Brodd and 
Hackerman (1957), McMullen and Hackerman (1959),and lsaac and 
Leach (1962-3),that for tantalum in contact with these electrolytes 
at all potentials within the experimentally polarizable region, the 
electrode surface is covered with a thin oxide layer of high 
stability and protective power. 
5.3. Tantalum Electrode in Oxalate Solutions. 
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The polarization curve for tantalum in O.5M ( COOH)2 is shown in fig5·?· 
The polarizable range is -1.3 to -0.2V which is considerably shifted 
from that observed for solutions of simple inorganic ions; see 
fig. 5.1. The electrode capacitance versus potential curve for 
tantalum in 0.5 M (COOH)2 is shown in fig. 5.8, and it is immediately 
obvious that the magnitude of the capacitance is considerably 
-2 
increased to a value of 30 f F cm in the polarizable region 
-2 
compared to a value of less than 9)1F cm for the solutions of 
simple inorganic ions. The high capacitance values and shift in the 
polarizable region are indicative that for the oxalic acid solution, 
the true metal surface free from an oxide film is accessible for 
study. 
The effect of reducing the concentration of oxalic acid to 0.01j, M 
and thento 0.0135 M on the capacitance curves is also shown on fig. 5.8. 
The curves lie below that for 0.5 M (COOH)2' but are still much higher 
6 
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Fig. 5.4. Capacitance vs Potential for Tantalum in 
1.0~1 Sodium perchlorate. 
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Fig. 5.6 Capacitance vs Potential for Tantalum in 
La}! Potassium Hydroxide. 
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than those for solutions of simple inorganic ions. 
At a higher pH oxalate solution (0.5 M (COOK)2) a similar 
high electrode capacity is observed as shown in fig. 5.9,again 
indicative of an exposed interface. The negligible effect of 
pH on the capacitance confirms that oxalate is an effective 
complexant. 
At potentials more positive than -0.3 V the capacitance 
falls, which is considered to be due to the formation of an oxide 
film and its subsequent growth, and implies that -0.3 V is the 
limit of potential at which the oxide film is forced off the surface. 
For the most negative potentials investigated the retrieval 
of the double layer capacitance is obscured by the pseudo-capacitance 
due to the hydrogen evolution reaction. 
A further observation of importance concerning the oxalate 
solutions is seen from the time dependence of capacity at a series 
of potentials which are given in fig. 5.10,compared to that for 
1.0 H KCl solution shown in fig. 5.3. 
The capacities at potentials in the range -09 V to-0.3 V 
. .. 
reach constant value quite rapidly, which is in agreement with 
an equilibration process between the tantalum and the solution 
followed by a prolonged equilibrium. 
The erratic changes in capacitance observed at a potential 
of -l.OV are due to the hydrogen evolution reaction. At 
potentials more positive than -0.3V the capacitances are low and 
fall exponentially with time. This indicates the formation of 
an oxide layer and mirrors the curve obtained for 1.0 M KCl 
(fig.5.3) where oxide formation is also thought to be occurring. 
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The shape of the capacitance versus potential curves did 
not change ~th concentration of electrolyte. We might have 
expected to identify the point of zero charge as the potential 
of the diffuse layer minimum. This is clearly not possible'and 
indicates that the point of zero charge lies outside the 
experimental region. 
5.q. The Influence of Sulphuric Acid and Gelled Sulphuric Acid on the 
Field Recrystal11zation of Tantalum Pentoxide Films. 
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During the setting up of the anodizing apparatus, the effect of current 
density on the degree of field recrystallization of the tantalum 
pentoxide films on 7.6pm thick tantalum foils was determined. 
( ) 0 I 0 Foils were anodbed formed in .2)1> H2S04 at 85 C using a constant 
-2 
current of either 0.1, 0.88, or 2.0 mA cm to 120V, the formation 
voltage, which was held for a further 60 minutes. Samples taken 
from the central portions of foils which had been anodized at one 
of the three current densities were examined under both optical 
and scanning electron mieroscopes. Micrographs of these foils 
are reproduced in fig. 5.11 and demonstrate that field crystallization 
has proceeded to the greatest extent for a current density of 0.1 mA 
cm-
2
, and successively decreases with increasing current density. 
This is in accord with the findings of Vermilyea (1955) that the 
optimnmconditions required to produce field recrystallization of 
tantalum pentoxide in sulphuric acid electrolyte are a current 
~ 6 density of 0.1 mA cm , a formation voltage of 120V held for 0 
minutes on reaching VOltage in 0.2)~ H2S04 at 85
0 C. 
A series of tantalum foils were anodized under these conditions 
with the addition of M5 silica to 0.25~ H2S04 to give gelled electrolytes 
of 0, 3.7, 5.0 and 6.Dl~ silica by weight. The scanning electron 
Fig. 5.11. The Effect of Current Density on Field Recrystallization. 
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micrographs obtained from these foils are given in fig. 5.12 and 
clearly show that a·· signiIicant reduction in the amount of field 
recrystallization with the gelled electrolytes. There is some 
indication that the addition-of 3.7% silica caused the maximum 
inhibition of field recrystallization, but as the number of 
samples analysed w~s small this result must be regarded as only 
tentative. 
In chapter 4 it was reported that the first micrographs of 
foils which had been anodized in gels had a woolly texture 
which was assumed to be a silica layer covering the oxide film and 
was found to be easily removed by scrubbing the foil gently with 
cotton wool under distilled water. Micrographs showing the 
silica covered surface, a silica free surface, and one with a 
brush stroke through the silica revealing the oxide layer beneath 
complete witb a crystallite are given in fig. 5.13. 
Field re crystallization is known to be much reduced when 
tantalum is anodized in 4\)'), H2S04 compared to 0.2"), H2S04 
(e.g. Vermilyea (1955)~ but as silica addition had been shown to 
inhibit field crystallization with the 0.2"), H2S04 it was considered 
worthwhile to investigate whether this also applied when silica 
was added to 40'), ~S04' Addition of 3.7% silica was chosen 
because that had produced the maximum inhibition in 0.2% ~S04' 
The micrographs given in fig. 5.14 demonstrate that the 
amount of field crystallization is further reduced in 4\)'), ~S04 
on addition of silica. 
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Fig. 5.12. The Reduction in Field Recrystallization when 
Tantalum is Anodized in Gelled 0.2% Sulphuric Acid. 
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There is no obvious explanation of the inhibition of field 
crystallization by silica during the anodizing process. There 
are several other substances which when added in very small percentages 
to either the forming electrolyte or incorporated in the electrolyte 
within a capacitor substantially inhibit field crystallization, 
see Jackson (1973),but there is no·obvious connnon factor. 
5.5. Scintillation Voltage of Tantalum Pentoxide Films. 
'The scintillation voltage was measured at 25°C for samples of foil 
which were anodized at 2.0 mA cm-2 in qac/o ~SOq containing 0, 
3.7, 5, and 6<}6 H5 silica. A small increase in the scintillation 
voltage was observed for foils anodized in 3.7'/0 H5 silica/qOQ~ 
H2SOq compared to those anodized in the qac/o H2SOq alone, the value 
rising from 110 ~ IV to 123 ~ 2V. A very similar value was obtained 
for foils anodized at the other gel concentrations, and in view of 
the experimental errors it can only be concluded that a small 
amount of silica increases the voltage corresponding to the onset 
of scintillation by about 1256, but further additions of silica have 
little effect. 
The scintillation voltage was also measured as a function of 
temperature for foils anodized in 4ac/o H2SOq or 3.7;b H5 silica/ 
q07b H2SOq • The results given in Table 5.2 show a small increase 
in scintillation voltage ,{ith temperature for both sets of foils, 
the values for foils anodized in 3.7'/0 }15 silica/qac/o H2SOq all 
lying above those for the foils anodized in qOJ6 ~SOq. 
This behaviour is of great industrial importance as the 
scintillation breakdown process can be a limiting factor governing 
Table 5.2. Scintillation Voltage at Various Temperatures for 
Tantalum anodized in 4~~ Sulphuric Acid or in 
3.7% H5 Silica/40% Sulphuric Acid. 
TOe S.V. S.v. 
(Acid) (Gel) 
25 110 128 
liD 115 132 
60 118 139 
85 120 
-
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the operating range of temperatures available to the capacitors. 
5.6. Examination of Tantalum Pentoxide Films for Incorporation of Silica. 
The chemical composition of·the oxide films. formed on foils anodhed 
in 3.7% M5 silica/400;<\ ~S04 was examined using EDAX and Auger 
SpectroscoP,y for evidence of the incorporation of silica. The 
unscrubbed foils gave a positive response for silica with EDAX 
presumably due to the Surface film of silica, but there was no 
response from scrubbed foils. There was no evidence of silica in the 
oxide of the scrubbed films detected by Auger spectroscopy. 
5.7. Electrical properties of Tantalum Pentoxide Films. 
The comparison of the electrical properties of large area specimens 
of foil which had been anodized in either gelled 3.~~ M5 silica/ 
40% sulphuric acid or in the acid alone also indicated that there 
was very little difference bet\{een the two oxide films within the 
limits of accuracy of the measurements. 
the order in which they were made. 
The results are given in 
The initial capacity and tan d measured alter 5 minutes at 
60v DC, with an AC signal of 100 mV, 500 R~ were 0.09l~F cm-2 
and 9.05~ respectively for the foils. anodiz.ed in acid alone compared 
to 0.09l}lF cm-2 and l09b for the foils anodized in the gel. 
The current as a function of applied potential was very similar 
for both films, virtually no current could be measured over the 
potential range -1.QV to + 100V. Each potential was held for 
about I minute and on increasing the potential by an increment 
of IOV an instantaneous current of ~ 5~A was observed which decreased 
to zero in under 5 secs. 
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Tan d as a function of frequency for the two foils is shown 
fig 5.15 and they are also very similar. There is possibly a 
slightly larger dissipation for the foil anodized in the gelled 
electrolyte, but the difference is of little significance in terms 
of the properties of a capacitor. 
5.B. Thermostatted Tank. 
The tank was shown to be controlling the temperature to 
o 0 better than ~ 0.002 C at -25.00 C, there being no visible change 
detectable in the mercury level of a Beckman thermometer or in the 
conductivity of a sample of 4~~ sulphuric acid solution in Cell I. 
5.9. Effect of Frequency on Conductivity. 
As described in chapter 3. it ·is necessary to determine the effect of 
frequency on the conductivity of a solution in order to demonstrate 
whether or not any problems due to electrode polarization have been 
successfully overcome by the platinum blacking of the electrodes. 
The conductivity of 4if~ ~S04 and 6P~ M5 silica/4~/~S04 in 
both cell I and 11 was measured at twenty frequencies in the 
available range of 200 He to 13 kHe. The signal applied to the 
cells outside of this range was sho~n by the oscilloscope to be 
too noisy for accurate measurements to be made. Within the errors 
of the bridge the conductivities of the acid and gelled acid were 
found to be independent of frequency when measured in either cell. 
This is the desired result and indicates that there were no polarization 
problems with the two conductance cells with sulphuric acid electrolytes. 
5.10. Initial Conductivity Measurements on Gelled Electrolytes. 
An initial study of the effect of silica addition on the conductivity of 
4~~ sulphuric acid was performed on gels prepared by the Tantalum 
Capacitor Division of The Plessey Co. Ltd. from their production stocks. 
Fig.5.15. Tan d vs Frequency for a Tantalwn Pentoxide Film formed 
a/ by anodiz.ing Tantalum in 40'/0 Sulphuric Acid. 
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Tan d. 
o 
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b/ by anodizing Tantalum in 3:7\6 M5 Silica/40'~ Sulphuric Acid. 
1.0 
Tan d. 
o 
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Frequency/IIz. 
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The range of gel concentrations investigated was 0 - 8% by weight 
o 
silica using cell I at 25 c. The conductivity decreased non-
linearly with increasing silica content, see fig. 5.16. and a 
difference in the conductivity was noted between two 6.srfo gels, 
one prepared with DT075 silica, the other prepared from M5 silica. 
The acid and the gels had been pr~pared by a volume/volume and a 
weight/volume method respectively, the gels being stirred by a 
single stirrer blade at --100 r.p.m for 10 minutes. 
A more carefully controlled study on gels prepared from DT075 
silica/q076 sulphuric acid by a weight/weight method followed by 
stirring with a single bladed stirrer at -100 ~.p.m for 10 minutes 
resulted in a very similar curve for conductivity vs wt % silica, 
see fig. 5.17, as that for the initial study. 
A visual comparison of the gels prepared from DT075 and M5 
grade silica indicated that there was considerably less variation 
in consistency in the gel prepared from M5 silica. This is not 
surprising because the M5 silica has a much more closely defined 
and controlled specification compared to DT075 silica (see chapter 
q). Further study was confined to gels prepared from M5 silica 
or EH5 silica, a silica of similar quality to M5 but having a 
larger surface area and smaller agglomerate size. 
5.11. Dispersion of Silica to form Gelled Electrolytes. 
Some difficulty had been experienced in the preparation of gels which 
gave a reproducible conductivity, quite a significant spread in the 
conductivity for a series of gels containing 67~ silica was observed. 
K 
-1 Scm 
-, 
Fig. 5.16. Conductivity vs wt % Silica, DT075 silica/q~~ ll2S0q in Cell I at 25°C • 
• = M5 Silica. 
• = DT075 Silica. 
2 
wt % Silica. 
Fig. 5.17 Conductivity vs wt % Silica, DT075 silica/4()c~ ~SOI! in Cell I at 25°C 
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~l Scm 
0.73 
wt % Silica 
.---- ------------------------------------------------------------------
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As mentioned earlier this irreproducibility was traced to variations 
in the consistency of the gels, more specifically to the degree of 
dispersion of the silica in the electrolyte,and variation of the 
degree of dispersion of the silica in the electrolyte,and variation 
of the degree of dispersion through the gel. Conductivity 
measurements using the dilution cell III on gels prepared from 
silica and potassium chloride described later also indicated that 
variations in the amount of mixing affected the conductivity of the 
gel. 
A series of mixing procedures were compared to find a method of 
producing gels which gave the smallest spread in conductivity for a 
given concentration. The criterion aimed for was a mixing procedure 
which produced gels with conductances which differed by less than 
1 unit on the last decade of the bridge. Such a difference is 
-1 ,,' equivalent to .:!: 0.OU016 Scm for a UJo gel in 40ib sulphuric acid in 
-1 
a conductance cell of cell constant Keell = 15.54 cm • The 
conductivity of samples of 4~f SUlphuric acid taken from a stock 
bottle and measured in cell I or cell 11 invariably lie within this 
specification. 
It is appreciated that such a criterion may not have produced 
the optimum or maximum neh~ork structure for a stable gel of a 
particular concentration,and further,that it will not of necessity 
produce the same measure of the maximum network structure for other 
concentrations or other electrolytes. 
There is some c;\."perimental evidence which indicates that tIlt' 
chosen method of gel preparation produces a maximwa gel structure. 
The operation of the plunger in its tightly-fitting vessel eventually 
produced gels of an even consistency throughout to the eye and of a 
reproducible conductivity after - 200 plunges. As the number of 
plunges ',as increased tOlt'ards this value for successive gels the 
conductivity decreased, reached"s stationary value over a small range 
of plunges,then started to rise,and the spread of conductivities also 
increased. A similar trend in the conductivity was observed for gels 
prepared using the best stirrer (number '* on fig. 4.23), but the 
overall spread in conductivity was also higher, see table 5.3. 
The variation of conductivity with amount of mixing may be 
interpreted in terms of the structure of the gels as follows: 
The situation before the plunger is operated is that the silica 
is roughly dispersed in the acid by the stirring with a glass rod. 
As the first few plunges are made the macroscopic "lumps" of silica 
are being broken up and becoming more evenly distributed within the 
acid, and therefore the likelihood of gel network formation is 
increasing. The increase in network may lead to a greater resistance 
to the flow of ions due to structuring of the acid electrolyte 
adjacent to the network hindering the "proton jump"mechanism, 
ad/absorption of electrolyte as the silica is wetted, and an increase 
in the overall path length of the moving ions as they are forced round 
the silica, resulting in a fall in the measured conductance. 
Once maximum network formation has been achieved a small degree 
of further mixing has little effect on the gel and the conductance 
remains constant. t~en the extra mixing causes irreversible network 
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breakdown i.e. when the fra~nents become sufficiently small and widely 
separated that it is statistically unlikely for thermal motion to allow 
them to reform, the factors listed above as hindering ion flow other than 
sorption of electrolyte will decrease and consequently the conductivity 
will increase. This behaviour is shown pictorially in fig. 5.18. 
Table 5.3. The Effect of Gel Prcl,aration on the Cond:lctivity 
of &;~ H5 Sili';ajl1<Y'/o Sulphuric Acid in Cell II at 25°C. 
G K Hixing 
mS -1 Scm 
J19.05 0.7510 10 mins. 
47.20 0.7226 10 mins. 
* 46.36 0.7100 20 mins. 
46. J15 0.7111 20 mins 
116.615 0.7137 100 plwlges 
46.35 0.7096 100 
" 
46. 1'5 0.7111 100 " 
,'16. h2 0.7107 150 " 
J16. 1(3 0.7108_ 200 " ? 
116. J1) 0. 71085 250 " 
116. 1,) 0.7108_ 250 " ? 
* at 100 rpm using stirrer nwnber 4 of Fig. J1 .23. 
Fig. 5.18 Pictorial Description of the Effect of Mixing on 
the amount of Network structure and Condu:tivity of a Gel. 
amount of 
network 
structure 
K 
amount of mixing 
optimum 
dispersion 
HO\,ever, it must be noted that in this description of the 
effect of mixing on gel formation and the influence of the network 
structure on the conductivity, the assumption has been made that a 
gel system,and not a very viscous dispersion,is being examined. 
In the absence of rheological data on the system to demonstrate that 
the criteria used to define a gel are satisfied, the only other 
evidence that can be offered to support the argument is from visual 
observations and reported data on closely allied systems. 
A vessel containing if/o M5 silica in 4.Oj~ sulphuric acid may be 
upturned without detectable movement of the gel within a few hours 
of preparation. A small amount of agitation or stirring transforms 
the gel to a free-flowing liquid ,,'hich will rapidly revert to a gel 
on standing. Such a gel "as prepared and transferred to a measuring 
cylinder ',llich was stoppered and left to stand. The gel was 
examined at regular intervals over 18 months for any sigus of 
sedimentation, syneresis, or general loss of stability. A minute 
trace of liquid could be seen on top of the gel on a very few 
occasions. There were no other signs of change and at the end of 
this period the cylinder was upturned without any sign of movement 
of the gel. 
The silica manufacturers, Cabot Carbon Ltd, report that the 
viscosity and thixotropic stability for a gel consisting of well 
dispersed silica of sufficient concentration will be quite stable 
for many months or years. They also give a plot of apparent 
viscosity versus pH for 5i~ H5 silica in "'ater, the pH being adjusted 
with 1.0 M NaOH and 1.0 HCI solutions. Their results are reproduced 
in fig. 5.19 and show a maximum apparent viscosity at a pH of -- 6.5. 
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Fig. 5.19 Apparent Viscosity vs pI! for ~~ M5 Silica in t'ater. 
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Fig. 5.20a Kinetic Deformation Curves for the aerosil/Sulphuric 
Acid System. ~b Silica/I!2S04 ~ = 1.280 g cm-3. 
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Fig. 5.20b Limiting Sheer Stress vs Time for the Aerosil/Sulphuric 
Acid System. ~b Silica/I!2S0q ~ = 1.280 g cm -3. 
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From experience in handling the silica-sulphuric acid gels, the pH 
of ,illich will be below 1.5, a curve which decreased as the pH 
increased would have been expected because the gels become much 
less viscous as the acid concentration is reduced for a similar 
percentage of silica. 
The rheological study of the aerosil-sulphuric acid system by 
Orkina and Aguf (1975) clearly shows the elastic properties of the 
gels • The curves of deformation versus time under a constant load 
. are reproduced in fig. 5.20 (a) for two cases: 
1. Shear stress (p) > static yield point (Pk ) • 
2. the reverse situation,pk > p. 
They also refer to a decrease in elasticity of the gels as the 
concentration of sulphuric acid is rednced for the same concentration 
of silica. This supports the view that the curve of apparent viscosity 
versus pH given in fig. 5.19 should change slope in the region below 
pH = 1.5. 
The curve of limiting shear stress versns time, fig. 5.20 (b), 
shows the effect of successive redispersion of the silica, but 
unfortunately the method of dispersion is not given. The results 
imply that the method of dispersion being used was not as effective 
as that used in this work. However, the possibility that the 
standard method may have only produced an optimisation of the gel 
network. for a particular size range of short chains or agglomerates 
of silica must not be iGTIored. A small change in the method such as 
varying the diameter of the holes in the plunger to produce mor~ or 
less agitation during mixing may have produced an alteration in the 
size of the chains or aggregates which may have subsequently lead to 
another,but reproducible,gel structure. 
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The effect of dispersion on- the degree of network formation 
and the rheological properties of silica-sulphuric acid gels is 
obviously worthy of further investigation. This aspect would have 
been examined at Loughborough had the financial resources been 
available to purchase rheological apparatus capable of withstanding 
attack by 4JYJ, sulphuric acid. 
5.12. Conductivity of H5- Silica/4JYfo H2~1 Gels prepared by the Standard Method. _ 
• 
Having established the mixing technique for a 6% M5 silica/4o% sulphuric 
acid gel, the effect of addition of silica on the ionic conductivity of 
4~fo sulphuric acid was re-examined. A significant difference was 
observed in the conductivity behaviour of the gels compared to that of 
the previous measurements. A good linear plot of conductivity versus 
weight per cent silica was obtained for gels prepared from both M5 
and EH5 silica in 40ib sulphuric acid, as shown in figs. 5.21. and 5.22 
respectively. This linear behaviour is expected from the simple volume 
fraction approach Where the only contribution to the total conductivity 
is from the acid. The resultant loss in conductivity relative to that 
of the bulk electrolyte is given by equation 3.18: 
K = K SI = K (l-~). g a a a s 
Use of this equation to give a prediction of the gel conductivities 
gave a line - y/o above the experimental points. Although this approach 
is very much oversimplified it was eA~ected to be more accurate than 
that for such low volume fractions of solid and high H+ ion concentration. 
The effect of the increased tortuosity of the path length should be 
minimal and the values of surface conductivity commonly measured,e.g. by 
Kittaka and Horimoto (1976),are insignificant relative to the conductivity 
of the acid. Therefore the effect of gelling the acid electrolyte leads 
NB. On the figures lines predicted by equation 3.18 are denoted by SVF., 
and the lines predicted by equation 3.25 are denoted by OBST. 
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Fig. 5. 21 Conductivity vs wt 5- Silica, 
H5 -Silica/Z.O?~ H2SOz. in. Cell II at 25°C 
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wt ';0 Silica. 
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Fig. 5.22. 
Conductivity vs wt % Silica, 
EH5 silica/4~~ ~S04 in cell 11 at 25°C. 
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wt ~~ silica 
- -- - - ------------------
to a greater reduction in the conductivity than that expected from a 
simple viewpoint, and the more complex equations allowing for 
tortuosity or obstruction were applied. 
The application of the simplified expression for the conductivity 
of gels derived for a low volume of solid causing the obstruction 
produced a line lying between the experimental and simple volUme 
fraction lines as shown in fig. 5.23. 
The more exact equations given earlier in table 3.4 produced the 
other lines sho~n in fig. 5.23, but none gave a satisfactory prediction 
of the gel conductivities. 
Thus the theoretical approaches examined were unable to predict 
the effect of addition of silica on the conductivity of 407& sulphuric 
acid. 
Although the experimental conductivities were reproducible, the 
experimental problems encountered in the preparation of gels and 
114 
filling the conductance cells indicated that greater confidence in the 
resul ts would be gained if acids of lower concentration was used. The 
lower acid viscosity should lead to gels of lower viscosity,and therefore 
dispersion of the silica would be easier and the cell filling problem 
eased,allowing an extension of the range of silica concentrations that 
could be examined. 
5.13. Conductivity of Gels prepared from Sulphuric Acid of lower Concentrations. 
Linear plots of conductivity versus weight percent silica were 
obtained for 1.0 D, 0.1 D, and 0.01 D acid gels as shown in figs. 5.24, 
5.25, and 5.26 respectively, with a similar negative deviation from .the simple 
K 
S -1 cm 
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0.71 
0.69 
Fig. 5. 23 Theoretical 
of M5 Silica/~(l'/b H2S0~ 
Predictions of 
o Gels at 25 c. 
the Conductivity 
1,2, and 3 from equations given in Table 3.~. 
~, from the Simple Volume Fraction Approach Equation 3.18. (SVF.) 
5, from the equation of Robinson and Stokes ( 1970). 
1 2 3 
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Fig. 5.24. Conductivity vs wt % silica, 
. M5 silica/l.OD ~S04 in Cell II at 25°C 
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Fig. 5.25 Conductivity vs wt. 7~ silica 
}15 silica/O.ID H2S04 in Cell II at 25°C 
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· Fig. 5.26. Conductivity vs vi % silica 
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volume fraction theory line as before. However the behaviour observed 
for 0.001 D acid gels was completely different, the conductivity 
increased linearly from the value for the bulk acid as the silica 
, 
content increased as shown in fig. 5.27. This last result is not 
totally unexpected in that for such a low acid concentration the 
possibility of surface conductivity along the silica agglomerates, 
short chains, or networl{ structure becoming the major contributor to 
the overall conductivity of the gel is increasing. 
The problem of the negative'deviation from the simple volume 
fraction theory line remained and confidence increased in the 
conclusion that the gel structure has some significant effect on 
conductivity. In order to make a comparison of the experimental 
results 'a simple normaliz.ation of the conductivity was attempted. 
The bulk conductivity for each acid concentration was considered 
to be 10D7~ conductivity, the gel conductivities .'ere then expressed 
as a percentage of the uulk acid value, and plotted as a function 
of weight per cent silica as before. A consequence of this 
normalization "as that if the gel structure was producing an effect 
of the same magnitude at each acid concentration, then all the lines 
would be of the same gradient, i.e. all the lines would be superimposed. 
As sho,,~ in fig. 5.28 this was not found to be the case. 
It was realised during the calculation of normalized conductivities 
that for a given gel concentration in terms of weight per cent silica 
but different strengths of acid, the volume fraction was dependent on 
the density of the acid used. Thus wt ~~ and volume fraction are 
directly proportional at one acid concentration, but it is invalid 
to compare gels of the same ,;t. ~; but different acid concentration. 
-1 
cm 
Fig. 5.27 Conductivity vs wt. % Silica, 
o H5 silica/O.OO.lD H2S04 in Cell. II at 25 C 
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The volume fraction of silica should be used for this purpose as 
the acid density is included in its evaluation. 
The other terms in the expression are constant for a specified 
wt. 5~ of silica. Using the relation: 
mass = density x volume 
jI s can be expressed as : 
!Is = (l - !la)= 1-
-------
w ' w"/ . a/{'a + s (Is 
lI'here fis = volume fraction of silica in the gel 
jla = volume fraction of acid in the gel 
W = weight a of acid used to prepare the gel 
W s = weight of silica used to prepare the gel 
ea = density of acid used to prepare the gel 
es = density of silica used to prepare the gel 
Rearranging equation 5.1. to separate jI gives: 
a 
d. = \v I", l'a a/\-a 
or 1 "I/~a + W IQ. s s 
= 
Pa l{/\!a 
1 1 + IV/es 
= 
fia wa/~a 
which may be written as : 
1 I 
= 
+ S~a 
5. 1. 
5. 2. 
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where S = Ws/Waf!s' S is a constant for a given wt. ~o of silica in 
a gel. 
Therefore, for a particular concentration of silica, a plot of 
l/~a versus f!a gives a slope of gradient S and intercept 1. 
Such a plot for a (,of; gel is given fig. 5.29. The change in volume 
fraction of the silica caused by the change in acid density for a 
This must be compared to the change in volume fraction of silica of 
0.03 for a change of ~~ to &fc silica at one acid concentration. 
The difference between using wt. ?~ and volume fraction for the 
normalized plots of fig. 5.28 is insufficient to explain the variation 
in slope as the acid concentration is decreased. 
The other interesting feature of the normali,ed plots is that 
the order of the lines of decreasing gradient does not follow the 
order of increasingly dilute acid concentrations, a further indication 
that gel structure has a definite effect on the conductivity of acid 
electrolytes. 
5.14. Density Heasurements. 
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In the calculation of the volume fraction of silica in the gels, the only 
parameter which had not been determined experimentally in this laboratory 
was the density of the silica. The weights of acid and silica Wa and \;'S 
were those used in preparing the gel and the acid density had been 
determined. Although the density of the silica is a constant, any 
error in the value of 2.2 given by.the Hanufacturers would affect the 
volume fraction significantly and hence the predicted conductivities. 
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1.00 
o Gel at 25 c. 
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A determination of the density of silica using the method for an 
inert solid in a liquid in which it does not dissolve produced some 
very interesting results. The density of silica for a specific acid 
concentration and weight of silica was constant, but varied depending 
on the weight of silica for a given acid concentration, or varied with 
the acid concentration for a given weight of silica. 
summarised in Table 5.q. 
The results are 
However, for methanol the density of silica was found to be 2.20 
regardless of the weight of silica used. There were several possible 
explanations of this behaviour, the most likely being that the silica 
in the acid was retaining trapped air, but the air was being expelled 
during the methanol measurements. Attempts at removing any trapped 
air by subjecting the gel to ultrasonics had no effect on the spread 
of results in acid media. 
Another possibility for the variation in the density of the 
silica in the acid was that the dispersion and/or size of the silica 
aggregates varied with acid concentration, or alternatively as the 
acid concentration decreased the degree of wetting of the silica 
aggregates altered. 
The results of the density measurements provided the clue to a 
method of predicting gel conductivities which is described in section 
5.15. Conductivity of Gels prepared from Sulphuric Acid at other Temperatures. 
The results' of the conductivity measurements at 25°C on the sulphuric 
acid gels and the potassium chloride gels described later seemed consistent, 
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Table 5.4 
Density of Silica Determined by Measurements in Several Liquids. 
Liquid Amount Average Silica 
of Density(calculated) 
Silica 
40% H2S04 4% 1.810 
40% Hi04 2% 1.795 
2% H2S04 4% 1.590 
• 40% H2S04 0·5 g 1.7.56 
• Methanol 0.5 g 2.199 
• NB. 0.5 g of silica in density bottle followed by 
sufficient liqUid to fill bottle. 
the experimental plots of the conductivity versus weight percent silica 
lying below the various predicted lines, apart from the O.OOlD ~S04 
and O.OlDXCl gels where surface conductivity was predominant and the 
sign of the gradient of the lines had changed. It was therefore 
decided to investigate the behaviour of the two types of gels at other 
o 0 0 temperatures, namely 50 C, 5 C and -55 C, chosen because the working 
temperature range of the capacitors requfred in industry is 125 to 
o 
-55 c. 500 C and 5°C were the limits of temperature available with 
the oil bath. 
The thermostatted tank was shown to be operating at 50.00oC with 
o 
a temperature control of + 0.002 C or better within the cell indicated 
by a sample of 40')6 H2S011 in conductance cell lI, there being no 
detectable change in conductivity with time after the 30 minute 
equilibration time. 
A range of acid gels were examined using cell Ir and cell 11, 
and the pattern of conductivity results observed mirrored those 
obtained at 25°C. Linear plots of measured conductance versus 
weight per cent silica lying below the predicted line were obtained 
for gels prepared from 110"/0 (-5D), l.OD, O.lD and O.OlD sulphuric 
acid/1H5 silica as sho\<u in figs.S.30, 5.31, 5.32 and 5.33 respectively. 
The O.OOlD H2S04/EH5 silica gels gave conductances which increased 
)Vi th increasing silica-content as sho"n in fig. 5.31" \dlich is considered 
to be due to surface conductance at the silica/solution interface. 
Note the use.of measured conductances (G) instead of conductivity (K) 
to avoid the uncertainty involved in determining cell constants at 
JOOc as outlined in Chapter 3. 
o The overall stability of the gels at 50 C was not so good. There 
was a tendency for the conductances to fall very slowly with time after 
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Fig. 5.32a Conductance vs wt7'o Silica, 
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Fig. 5~ 33a Conductance vs wt 'ib Silica, 
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Fig.5.33b Conductance vs wt Yo Silica, 
EH5 Silica/O.01D H2S04 in Cell Ir at 50°C. 
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Fig. 5.31,a Conductance vs wt '!~ Silica, 
EH5 Silica/O.001D H2S01, in Cell 11 at 50°C. 
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Fig. 5.34b Conductance vs wt % Silica, 
EH5 Silica/O.OOlD H2S0q" in Cell Ir at 50°C • 
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about 2 bours at 50 c. A slight settling could be detected at the 
gel meniscus in the filling arms of the cell (though not in the main 
part of the cell). The conductances were subject to a greater scatter 
o • 
than those for the 25 C measurements and the overall reproducibility 
of results "as not as good. The most likely reason for this 
instability is the expulsion of dissolved air trapped within the silica 
and/or acid causing stress within the gel structure and changes in the 
netlVork. 
The most obvious difference between the 500 and 250 measurements 
was that the gradient of the conductance versus ,;1; 5£ silica had 
changed, and is sho,m more clearly by the normalized plots of 
conductivity versus weight per cent silica given in fig. 5.35. In 
fact the order of decreasing negative gradient at 500 C was ~~;, 
(O.lD, l.OD) O.OlD with 0.001 D giving a positive slope. 
The lowest temperature that the oil bath could maintain with 
o 
adequate control and without major alteration was 5 C, sho~n as before 
by -the constant conductivity of ~G)~ sulphuric acid in cell lI. 
The stability of gels at 5°C was much better than at 500 C and 
a greater reproducibility in the conductances of gels was observed. 
Only acid gels were examined at this temperature and very similar 
- results compared to those observed at the other temperatures were 
obtained,i.e. good straight line plots of conductance versus wt. 7~ 
silica lying below the lines predicted by the simple volume fraction 
theory were obtained for 40i~ (-5D), 1.0D, O.ID and O.OlD sulphuric 
acid gels as shown in figs. 5.36, 5.37, 5.38 and 5.39. respectively. 
The O.OOlD acid gels differed from the previously observed 
behaviour in that they did not show a positive slope indicative 
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of surface conductance as shown in fig. 5.qO. However the scatter 
of results was quite high and the gels were very unstable. It is 
likely that this behaviour was due to the two opposing contributions 
to the gel conductivity, namely the conductance through the solution 
and the surface conductance at the silica-solvent interface,were 
very nearly balanced at this temperature and concentration of acid. 
Further work at this temperature was not performed as the apparatus 
had to be dismantled due to building alterations within the 
Department of Chemistry. 
5.16. Conductivity of H5 Silica/Potassium Chloride Gels. 
The parallel series of measurements performed on silica/potassium 
chloride gels proved to be very useful. 
The first measurements were made using cell Ill, the dilution cell. 
The conductivity of a 5'i~ gel in O.OlD KCl at 25°C was measured, 
follo"ed by measurements after successive additions of - 10 mls of 
O.OlD KCl solution. A plot of the conductivity versus the calculated 
weight per cent of silica given in fig. 5.ql shows the large scatter in 
the conductivities for the first five additions of O.OlD KCl solution. 
The conductivities of gels after the remaining additions lie on a 
straight line, but extrapolation of this line to zero per cent silica 
gives a conductivity below that measured for O.OlD KCl solution. 
This behaviour was reproduced several times for O.OlD KCl gels and 
also for gels with a 10\;er concentration of KCl solution. It was 
observed that if the conductivity of a diluted gel was measured, then 
the cell shaken for a short time, and the conductivity remeasured, 
a higher value of conductivity was obtained which slowly reverted to 
the original value on standing as shown in fig. 5.q2. Alth6ugh no 
visible change in the appearance of the gel was observed, this behaviour 
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in conjunctionvith the difficulty that was experienced in obtaining 
a reproducible conductance for If;& gel in 4(})~ sulphuric acid. described 
earlier, led to the deduction that a mixing problem was involved. 
The likely explanation of this conductivity behaviour in terms of 
gel structure is that the initial gel, lmich was prepared outside the 
cell by mixing "ith ~ single bladed stirrer at 100 r.p.m. for 10 minutes, 
contained reasonably well dispersed silica and a good degree of network 
formation. Addition of 10 mls of O.OID KCI solution followed by 
shaking of the cell redi"spersed the silica very unevenly. and gave 
relatively large "lumps" of the original netlwrk joined with a much 
lOl,er degree of cross-linking. Shaking of the cell broke some of the 
network and hence the conductivity was higher, but fell again as the 
bonds reformed causing.more hinderance to the mobility of ions. 
This pattern continued until sufficient O.OlD . KCl solution had been 
added to dilute the gel such that shaking the cell produced a more 
complete redispersion of the gel. The most prObable reason for 
extrapolation of the straight line not passing through the measured 
value for O'}{; silica is due to the fact that the addition of small 
quantities of electrolyte and shaking to disperse the silica allowed 
a far higher degree of solvation of the silica than is normally obtained 
with an associated loss of conducting ions from the potassium chloride 
solution. 
Use of the standard mixing technique to prepare gels from 1.OD 
and O.lD potassium chloride produced linear plots of conductivity versus 
weight % silica, the lines lying belo~ those predicted by the simple 
volume fraction or obstruction theories as sho.n in figs. 5.4) and 5.4q. 
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The O.OlD gels showed surface conductivity i.e. a positive 
gradient ,vith increasing weight 51 silica as sho",n in fig. 5.45. 
similar to that observed with O.OOlD acid gels. The surface conductivity 
is observed at this higher concentration because of the overall lower 
conductivity of potassium chloride compared to sulphuric acid solutions 
+ with the large excess of H • Gel stability of O.OlD gels was poor 
and for O.OOlll gels containing 127~ silica the conductivity fell 
rapidly with time as shown in fig. 5.1,6. 
o The conductance of "potassium chloride gels at 50 C was very 
similar to that observed at 25°C, the experimental conductivities 
lying belo\[ that pr\,dicted by the theories as shown in fig. 5.1,7, 
5.J,.8, and 5.49 for l.OD, O.ID, and 0.05D H5 silica/ KCl gels. 
The O.OlD gels showed the eA~ected increase in conductivity with 
increase in silica content due to surface conductance effects, 
but the gels were unstable and the conductance decreased with 
time quite rapidly, see fig. 5.50. 
The normaliz.ed conductance versus weight ~~ silica plots for 
25°C and 500 C are given in figs. 5.51 and 5.52 respectively. 
Although the lines are of different gradient for each concentration, 
the order of decreasing gradient is the same as that of decreasing 
concentration of potassium chloride, ,;hich is a major difference 
in behaviour from that of sulphuric acid gels and indicating there 
is a fundamental difference betlVeen the two systems. Discussion 
of this result is delayed until the next section, 5.17. 
5.17. A Method of Predicting Gel Conductivity. 
The concl.usiorts derived froll measurements of the density of silica 
indicate that one possible reason for the large discrepancy between 
the values of gel conductivity predicted from the theory and those 
determined experimentally was the use of the value of 2.2 for the 
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density of silica in the calculation of the volume fraction of silica 
in the gel. 
In order to develop a method of predicting the values of gel 
conductivity the following procedure was adopted: 
The values of conductivity determined experimentally for gels 
of varying silica concentration in 4~~ sulphuric acid at 250 C were 
assumed to be accurately described by the conductivity eqUivalent 
of the Rayleigh (1892) expression for the obstruction effect,(see 
table 3. 4 ). This expression "as then rearranged to allow the 
effective volume fraction, ~', of the silica in the various gels 
s 
to be calculated:-
Kg = Ra (1 - ~ s') 
(1 + ~ /2) 
s 
Kg (1 + ~ s ' ) = Ka ( 1 - ~ s ' ) 
2 
Kg·~s' + J{a~s' =(Ka-Kg) 
2 
~s' (Kg + 2Ka) = (Ra - Kg) 
2 
:. ~el = 2 tKa - Kg) K + 2K ) g a 
Rayleigh (1892) 
The various values of ~ ,determined by substitution of the relevcnt 
s 
conductivity data in equation 5. 3 "ere then used to calculate the 
effective density of the silica in the gel from equation 5. 5 "hi ch 
was derived as follows: 
= 
11 /n I + (100 - If )/0 S '8 S 'fi:a 
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fi 1,' 
'PS,IIS 
fs' 
+ yI ,(100 - If) s s = \'l s 
E's' 
~ ,(100 - li ) = \\ . ~ s' Iv s = Ws(l - ~s')' s s s 
fa t's' E's' 
es' = \Y (1 ~ s' ). ('a s 
~s' (100 - 1\ ) s 
= 
1 
fs' 
5. 5. 
The valuesof es ' obtained were subject to a small spread due 
to the errors in the experimental gel conductivities. The values 
of 0 were averaged to give the value 0 
's' 'sa' The value 0 was then , sa 
used in equation 5.4 instead of ~s to calculate the volume fraction 
of silica in gels prepared from lower sulphuric acid concentrations. 
This value for the volume fraction obtained was substituted in the 
simple obstruction expression for conductivity: 
K = K (1 - 1. 5~) g a 
along with the conductivity of the bulk acid.Ka,to predict the 
conductivity of the gels. 
The value of (> sa determined from the gels prepared from 4<1/, 
sulphuric was 1.66 ± 0.03 gcm-3• Use of this value to calculate 
the volume fractions for substitution in the obstruction equation 
3.25 gave an accurate prediction of the gel conductivities for gels 
prepared from 23?~, 1.0D, O.ID and O.OlD sulphuric acid as sho.n in 
figures 5.53, 5.24, 5.25 and 5.26 respectively by the line dra.n 
through the experimental points. 
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Similarly,for sulphuric acid and potassium chloride gels at jOOC 
o 
and j C the same method gave a good prediction of the conductances 
which can be seen from figs. 5.)0 to 5.)5, 5.36 to 5.39, and 5.~7 to 
5.49 respectively,by the lines ~nich pass through most of the 
experimental points. 
This result is of great significance for several reasons: 
Firstly, two of the alternative explanations of the failure of the 
obstruction equations to predict the gel conductances may be discounted. 
If the solubility of silica in the electrolyte had been the cause of 
the additional decrease in conductances of the gels,then the effective 
density of the silica ,;culd be e:qlected to vary with different 
electrolytes because the solubility of silica, although small, is !mo,m 
to be pH dependent, Her (1973). Alternatively, had the additional 
decrease in conductance been due to specific changes in viscocity, 
then a constant effective density of silica would not be eA~ected 
for differing electrolytes, nor for a range of silica concentrations. 
Secondly, the failure of the plots of normalized conductances 
vs. volume fraction for a range of acid concentrations to be 
superimposed is explained because the use of the actual density of 
silica in its natural state instead of the effective density 
exhibi ted in the gels· leads to an error in the calculated volume 
fractions. Use of the effective density of silica in the calculatiou 
of volume fractions does give superimposed lines within the experimental 
error for the electrolyte concentrations where surface conductance 
effects arc negligible. 
Thirdly, the suggestion that the effects of gel net"ork in 
sulphuric acid produced a different result compared to potassium 
chloride advanced from the fact that the order of decreasing slopes 
of the normalized conductances varied for sulphuric acid but did not 
for potassium chloride is discounted because the same effective density 
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is found to be applicable to both systems, and also to the potassium 
nitrate and sodiwn sulphate silica systems as seen from figs. 5.5!t and 5.55 
respectively, where the predicted lines pass through most of the experimental 
points. 
Fourthly, the effective density of silica can be used to calculate the 
number of primary silica particles in a silica aggregate, and hence the 
number of aggregutes/unit volume of gel can be determined. The distribution 
of the aggregates within the gel can then be discussed. 
19 of silica powder may be considered to consist of a number,n, of 
spherical primary particles of radius,r ,density,o ,in the form of N p 'p s 
spherical aggregates of radius,r ,density,n ,containing N primary 
a 'a a 
particles. The surface area of a sphere is !t7tr2 ,;here r is the radius of 
the sphere. Therefore the total surface area of 
2 
nQ1lrp' ,.hich may be equated to the value of 200 
the primary particles is 
2 -1 :t 20 ID g quoted by the 
Manufacturersfor the surface area of H5 silica determined by the D.E.T. 
method ( Brunauer, 
2 
n. 1!1tr p 
Emmett, and Teller 1938 ): 
= 200 x lO!t cm2g-1 
This may be rearranged to give n : 
n = 2 x 106 
'. 2 
!t1lr p 
primary particles 
The volume of a sphere is !t7tr3 , so the total volume of Ig of 
3" 
primary particles is n.~~ 3. 3' p 
Using the relation density x volwne = mass : 
o .n.!tflr 3 = 1 
'p - p 3 
Rearrange to give n 
n = 3 
!t1lr 3(' p p 
primary particles 
n can be eliminated froo equations 5.6 and 5.7 to find r ,which may be p 
substituted back into either 5.6 or 5.7 to give n. The number of primary 
particles in an uggregate,Na,can be determined by assuming various 
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-4 packing types and the nanufacturers value of 6 x 10 cm for the mean 
radius of the aggregates, ra • Prinmry particles have a density of 
-3 2.2 g cm = el" and the bull, density, eb,of the silica po,·;der is 
0.0369 g cm-3• 
The void volume,V,in the silica powder for any packing type is 
related to the bulk density eb by: 
= 
Using density % volume = mass, then for aggregates: 
volume = '<1!r 3 
- a 3 
, mass 
... the density of an aggregate (la ,;ill be given by : 
= N. '<1Il' 3. D 111'1Ir 3 
a - p ~p - a 3 3 
which reduces to : 
~a = N r El a p p 
r 3 
a 
Combining equations 5.8 and 5.9 gives 
= ( 1 - V ) N r 3 ~ a p . p 
r 3 
a 
5.10 
The void volumes for some of the common types of packing of 
spherical particles are given in table 3.1. The minimum void volume 
for close packing is 267~ , and substitution of this value in equation 
5.10 will allo'\, evaluation of the minimum value of the other unlmO,\ill, 
Na ' the number of primary particles per aggregate, giving a useful 
base line for comparison: 
0.0369 = ( 1 - 0.26 ) r 3 X 2.2 N p a 
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where r is the value determined from equations 5.6 and 5.7, p 
i.e. 6.82 x 10-7 cm. The value of N found from equation 
a 
5.11 is 5.043 x 108 primary particles per aggregate. Therefore 
the number of aggregates per gram,N = n/N ,and yields a value 
s a 
of 6.789 x 108 aggregates per gram of silica powder. 
Consider now.the silica powder dispersed in the acid. The 
value of D ,the effective density of silica in electrolytes \ sa 
will be assumed to be that due to dispersed silica aggregates. 
Substitution of the value of ~sa = 1.66 ~ 0.03 gcm-3 
determined from the conductivity measurements into equation 5.9 
8 leads to a value of 5.14 x 10 for the number of primary particles 
in an aggregate, N
a
• A comparison of this value to that obtained 
3 for a close packed aggregate in the silica powder, 5.043 x 10 ,and 
bearing in mind the various assumptions made and the accuracy of the 
value for ~a' the conclusion is reached that on dispersion of the 
silica powder in an electrolyte, the aggregates of close packed 
primary particles are dispersed with minimal loss of primary particles 
from the close packed condition. The suggestion could also be 
advanced that the inter-aggregate interactions in the powder mnst 
be "eak compared to that bet1,een the close-packed primary particles. 
The number of aggregates per gram N can be determined from the 
s 
total number of primary particles calculated from equations 5.6 or 
5.7 divided by Na, the number of primary particles per aggregate, and 
8 -1 yields a value for N of 6.789 x 10 aggregates g 
s • 
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Using this value of N
s
' the distributions of aggregates in a gel, 
and hence the gel structure,can be discussed. Particularly the two 
simple distributions where: 
1. all aggregates are distributed evenly through the 
available volrune (i.e. viscous solution). 
2. all aggregates are linked in straight chains (gel). 
o 0 0 
o 0 
o 0 0 
") 0 1\ b 
000000 
0000 
Consider a unit volume (1 cm}) of a 6;'£ H5 silica/!<O',f sulphuric acid 
gel. The gel is made from 6 g silica + 9" g acid-lOO g gel, a total 
of 6N aggregates/lOO g gel. 
s 
Therefore the number of aggregates per 
cm), Nsc is: 
Nsc = 6Ns/IOOg 
~ gel 
5. 12. 
If there were sufficient aggregates to be close packed in the 
unit volume then the maximum number of sites,N ,would be given by: 
cp 
_--=1_--:;0 X 0.7" 
V3 1\ r 3 
a 
N IN will give the number 
sc cp 
values of Ncp and Nsc are 8.18 x 
5. 13. 
of close packed sites filled. The 
108 and 5.379 x 107 respectively, 
therefore only 6.6;; of the sites are filled. The aggregate separation 
assuming a uniform distribution of aggregates would be 2.0q x IO-~ Cm. 
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This clearly demonstrates that over-dispersion of the silica 
will cause irreversible network-breaking to give a distribution of 
aggregates that are sufficiently separated to be statistically unlikely 
to reform a gel network. 
If the aggregates were distributed as straight chains the number 
of aggregates per 1 cm chain would be 1 cm/aggregate diameter,which is 
1/12 x lO-~ or 833 aggregates per 1 cm chain. Therefore,the number 
of such chains in 1 cm3 of gel 
,,1lich yields a value of 6.~6 x 
assuming no cross-linking is N /833, 
sc 
lOq chains per 1 cm), A relaxation 
of the straight chain assumption and only a small degree of cross-
linking of chains could produce an extensive 3 Dimensional gel network. 
This is presumably the case for the gels and is remarkable for a system 
with a volume fraction of solids of 0.0365. 
5.18. The Influence of Gelled Electrolytes on Capacitor Performance. 
A comparison of the performance. of the fifty capacitors containing gels 
prepared by the Loughborough method with the performance of the fifty 
capacitors containing production gels showed very little difference 
between the two batches. This result is hardly surprising as both 
gels contain exactly the same concentration of silica and sulphuric 
acid. The variations in the anode and cathode, in the anode 
cathode spacing, and the amount of gel incorporated in the capacitor 
all contribute to the small differences between the various capacitors. 
The testing methods used to examine the capacitors are relatively 
insensitive to the effects due to the electrolyte compared to those 
due to the anodic oxide dielectric. The results of the measurements 
are given in Table 5.5 - 5.8 and are summarised for easy comparison 
in Table 5.9. 
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Table 5.5 
Comparison of Initial Capacitor Parameters with those obtained after 
1000 Hours Eo.duranoe Test for the two groups of Capacitors. 
Capacitors with Produotion Gel. 
Ini tial Final Ini tial Final Initial Final Initial Final 
Cap. Cap. Tan d. Tau d. Leak 13. Leak 13. Leak 15. Leak 15. ]iF pP % % }lA }lA }lA pA 
223 222 8.9 1.8 1.0 0.6 0.7 0.4 
226 226 6.6 6.1 0.8 0.5 0.8 0.4 
2220 220 6.5 6.1 0.8 0.6 0.1 0.4 
210 210 6.4 6.0 0.8 0.5 0.6 0.3 
226 225_ 6.9 6.4 0.8 0.5 0.7 0.4 
220 220 6.8 6.4 0.8 0.5 0.6 0.4 
222: 221 6.1 6.3 0.8 0.5 0.7 0.4 
2I7 216 6.4 6.1 0.7 0.5 0.8 0.6 
Capacitors with Loughborough Gel. 
220 218 7.6 7.0 0.9 0.8 0.6 0.4 
224 224 8.4 8.9 0.8 0.8 0.5 0.4 
222- 223 5.6 6.5 0.9 0.7 0.7 0.4 
214 214 6.6 6.0 0.8 0.7 0.5 0.4 
220 221 10.1 1O.6 0.8 0.7 0.6 0.4 
216 214 9.3 9.5 0.8 0.7 0.5 0.4 
222. 222 7.8 7.8 0.8 0.7 0.5 0.4 
223 223 6.4 6.1 0.8 0.6 0.5 0.4 
Table 515 
Comparison of Capacitor Parameters of the two groups of Capacitors 
at. -55 C, and after 5 Temperature Cycles ( -55 C - +125 c. ). 
-55 C -55 C -55 C -55 C After 5 Temperature Cycles. 
Cap. Impedance Impedance %C Cap. Tan d. Leak 1. 
p:F }iF % )lA 
176 2.0 2.2. 20 221 6.1 1.5 
170 2.8 3.0 24 225 7.2: 2.1 
182 2.~ 2.5 18 224 6.6 1.0 
. " 
180 2.4 ~ 2.5 20 227 6.5 0.9 
" 185 2.3 Z.3-.-- 16 222 6.1 1.0 
158 2.5 2.5 27 218 8.6 0.9 
181 1.8 1.8 17 219 6.0 0.9 
184 2.5 2.5 18 222 6.2 0.9 
179 1.6 1.6 18 
184 2.2 2.2 15 
Capacitors with Loughborough Gel. 
176 1.9 1.9 19 219 5.9 1.0 
173 2.6 2.2 19 214 6.1 0.9 
146 4.6 4.7 35 224 8.0 1.0 
175 4.8 5.2 22 224 8.1 22.0 
164 4.1 4.2 24 216 8.1 II.O 
176 3.2 3.4 19 219 5.8 0.9 
170 5.1 5.3 24 226 7.4 0.9 
185 2.9 3.0 16 221 6.5 1.0 
180 2.4 2.6 18 
147 4.7 4.8 32 
181 2.7 2~ 7 15 
180 2.7 2.5 18 
Table 5.7 
Comparison of Capacitor Parameters of the two groups of Capacitors after 
a further 5 Temperature cycles, and at +125 c. 
Aftar a further 5 cycles +125 C +I25 c +125 C .125 C 
Cap. Tan d. Leak I. Cap. Tan d. Leak I. c,% 
}iF % pA pP % )lA 
I 
221 6.8 1.4 230 H.8 3.2 4.5 
I • 
224 8.1 1.8 
224 7.0 0.8 234 9.4 2.0 4.9 
226 7.0 0.8 
222 6.9 0·9 
218 9.3 0.8 230 10.0 1.8 6.0 
220 6.5 0.9 230 10.2 2.3 5.5 
225 6.8 0.8 236 9.1 2.4 5.4 
230 9.0 1.8 5.5 
238 9.5 2.0 9.7 
235 9.5 1·9 5.9 
Capacitors, with Loughborough Gel. 
220 6.6 0.8 230 8.2 1.6 5.5 
214 6.6 0.7 225 8.3 1.3 5.6 
224 9.0 0.8 235 7.5 1.4 5.4 
224 9.0 3.9 
217 8.1 8.9 
219 7.7 0.8 
226 8.8 0.8 237 7.8 1.2 5.3 
221 7.2 0.7 
232 8.0 1.7 5.5 
230 9.3 1.6 6.0 
226 8.2 1.1 5.6 
231 8.3 1.2 5.5 
Table 5.8 
Comparison o£ Initial Capacitor Parameters with those obtained a£ter 
Temperature cycling and Vibration Tests £or the two groups o£ Capacitors • 
. 
Capacitors with Production Gel. 
Initial Final Initial Final lni tial . Final 
Cap. Cap. Tan d. Tan d. Leak 13. Leak 13. 
pF pF % % p.A.-. pA; 
220 221 6.2 6.7 0.8 5.8 
218 Failed 
-
224 225 7.5 6.7 1.1 6.0 
223 224 6.7 6.8 0.8 1.0 
226 227 6.9 6.9 0.8 9.2 
220 221 6.5 9.1 0.8 2.4 
217 218 5.6 9.2 0.8 0.9 
218 220 6.2 6.5 0.7 1.0 
224 225 6.4 9.8 0.9 1.1 
218 6.4 0.9 
217 6.8 0.9 
222 6.6 0.9 
Capacitors with Loughborough Gel. 
218 218 6.2 8.0 0.9 1.6 
213 214 6.3 . 6.6 0.9 1.1 
223 224 8.7 6.9 1.0 2.6 
223 222 8.2 12.1 1.0 13.6 
216 214 8.5 12.0 0.9 4.6 
218 218 7.9 8.5 0.9 1.0 
225 226 8.0 8.3 0.9 1.6 
220 221 6.0 7.2 0.9 1.6 
220 7.2 0.9 
217 9.5 1.0 
214 6.8 0.9 
219 6.8 0.9 
Table 5.9 
Comparative Table of Mean Results. 
Test Capaci tors wi th Capa.ci tors wi th 
Production Gel. Loughborough Gel. 
Initial Cap 221 220 
Tan d. 6.9 7.7 
Leak I. 3 0.81 0.82 
5 0.52 0.55 
Mter Cap. 220 220 
1000 Tan d. 6.4 7.8 
Hours. Leak 1. 3 0.75 0.71 
5 0.40 0.40 
Initial Cap. 220.6 219 
Tan d. 7.6 7.6 
Leak I. 
After Cap. 223 220 
Temp. Tan d. 7.7 8.7 
Cycling Leak I. 3 2.6 1.93 
and 
Vibration 
Tests:. 
-55 C Cap. 178 171 
Impedance. 2.23 3.5 
t:,afo 19.7 21.7 
After Cap. 221 220 
5 Cycles. Tan d. 6.7 7.0 
Leak I. 1.15 1.1 
After Cap. 222 220 
5 more Tan d. 8.2~ 7.9 
Cyc1es~ Leak I. 1.0 0.8 
+125 C Cap. 233 231 
Tan d. 9.8 8.2 
Leak I. 2..,18 1.39 
6afo 5.38 5.58 
Bearing in mind that the differences between the t\;o batches 
of capacitors are very small, there are some general connnents which 
can be made. lii th reference to the initial room temperature 
measurements, the capacitance of the Loughborough gel capacitors 
was slightly lower and of smaller standard deviation compared to the 
production gel capacitors. After 1000 hours at 85°C with a potential 
of 50 Volts applied the Loughborough gel capacitors had suffered a 
smaller loss of capacitance than the production gel capacitors, but 
the standard deviation of the Loughborough gel capacitors had risen 
to that of the production gel capacitors. 
This implies that the better dispersed Loughborough gels with 
their larger degree of network formation compared to the production 
gels had deteriorated after 1000 hours endurance test. A similar 
cOllJl1lent may be made with reference to the higher Tan d (%) 
of the Loughborough gel capacitors. 
The results of the temperature cycling and vibration tests again 
show a smaller standard deviation of Capacitance, Tan d and leakage 
current for the Loughborough gel capacitors. 
In terms of overall suitability for use in capacitors the 
Loughborough gels are not as useful, particularly with regard to the 
high impedance at -55°C and overall lower capacitance. 
The changes in properties of capacitors as a function of gel 
concentration, all gels prepared by the Loughborough method, were 
very small and showed no general trend. In fact the only measurements 
of significance were the -55°C impedance and capacitance measurements. 
132 
The capacitance was much lover for 0% silica and the impedance was 
half that of the gel capacitors. Although there is a slight 
maximum in the plot of initial capacitance as a function of gel 
concentration, this is more prohably attributable to problems 
in the dispensing of gels into the capacitors for the very much 
more viscous 7 and 8~ silica than to a real effect. 
The results of the measurements are given in tables 5.10 _ 
5.12 and summarised in table 5.13. 
The small anode-cathode spacing of the capacitors used for 
these comparitative tes.s is obviously not very suitable. 
Further ,..ork of this type would be of more value if the 
spacing "as considerably increased, possibly by mounting the 
anode and cathode in a tubular casing several centimetres in 
length. 
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Table 5.10 
Comparison of Capacitor Parameters for Capacitors' with different 
concentrations of Gel Electrolyte. 
% SHica Initial Final Initial Final lni tial Final 
in Gel. Cap. Cap. Tan d. Tan d. Leak I. Leak I. 
0 210 209 5.4 '6.4 1.7 1.2 
209 209 5.4 6.0 1.0 1.1 
210 210 6.1 5.8 1.0 1.0 
216 216 6.2 5.8 1.0 1.1 
200 5.5 0.9 
210 5.6 0.9 
8 2II 210 5.0 6.0 1.8 1.4 
207 206 5 .• 0 7.6 1.0 1.3 
207 207 5.4 6.0 0.9 1.0 
209 210 5.0 5.5 0.9 1.0 
2l:4 4.8 0.9 
198 5.2 0.9 
7 204 204 5.2 5.6 0.9 2.5 
212- 212 5.3 6.0 0.9 1.0 
202 202 5.5 8.1 1.4 1.2 
2II 2I2 5.5 5.5 2.1 1.1 
206 5.3 0.9 
200 5.5 0.9 
6 199 199 5.4 5.5 0.9 0.8 
212 212 5.6 6.2 1.0 3.4 
2II 2II 5.0 5.2: 0.9 1.0 
219 219 5.4 5.4 0.9 1.3 
213 5.6 0.9 
5 216 216 5.6 5.9 0·9 5.1 
208 209 5.1 5.0 0.9 0.8 
210 2II 5.1 5.7 0.9 1.9 
208 208 5.5 6.2 0.9 1.1 
214 5.3 0.8 
Table 5.11 
Comparison of capacitor Parameters for Capacitors with different 
concentrations, of Gel Electrolyte. 
% Silica -55 C -55 C -55 c -55 C After 10 Temperature Cycles. 
in Gel. Cap. Impedsnce Impedance %C Cap. Tan d. Leak I. 
0 152 0.8 1.0 27.6 1.1 
175 0.8 0.7 16.3 0.9 
178 1.0 1.4 15,.2 210 6.2 1.2 
164 1.2 1.2 24.0 216 6.0 1.2 
I 
168 0.7 0.9 16.0 200 5.7 1.2 
174 0.9 1.1 17.0 210 5.7 1.1 
8 • 176 1.4 1.4 16.6 1.5 
174 1.8 1.8 15.9 1.0 
175 1.8 1.8 15.5 208 5.6 1.3 
177 1.6 1.7 15.3 210 5.4 1.3 
183 1.6 1.7 14.5 214 5.1 1.3 
169 1.9 1.7 I4~6 199 5.3 1.2 
7 176 2.0 1.9 13.7 1.0 
183 2.4 2.5 13.7 1.1 
174 2.6 2.6 13.9 202 5.8 1.3 
182 2.7 2.7 13.7 212 5.7 1.4 
176 1.6 1.6 14.6 207 5.4 1.3 
170 2.0 2.0 15.0 200 5.8 1.3 
6 170 1.8 1.8 14.6 1.0 
183 2.5 2.0 13.7 1.1 
180 2.2 1.8 14.7 2II 5.2 1.2 
188 1.8 1.6 14.2 220 5.5 1.3 
180 2.3 2.1 15.5 214 5.6 1.2 
180 2.0 1.8 15.1 212 5.6 1.3 
5 181 2.0 2.1 16.2 0.9 
180 1.8 1.6 13.5 0.9 
183 2.3 2.1 12.9 2II 5.5 1.2 
185 2.6 2.2 n.I 209 5.7 1.1 
187 2.1 I.7 12.6 214 5.5 1.1 
Table 5.12 
Comparison of Capacitor Parameters for Capacitors with different 
concentrations. of Gel Electrolyte. 
% Silica +125 C +125 c +125 c +125 C 
;in Gel. Cap. Tan d. Leak I. <l C 1° 
0 220 7.8 5.4 4.8 
220 6.8 1.5 5.3 
221 7.1 2.0 5.2 
228 7.3 1.8 5.6 
2IO 6.8 1.6 5.0 
222 7.; 1.8 5.7 
8 224 7.4 4.3 6.2 
218 6.8 1.6 5.3 
218 6.8 I.6 5.3 
220 6.5 1.6 5.3 
225 6.5 2.5 5.1 
210 6.7 2.7 6.I 
7 2I2 8.0 1.6 3.9 
222- 7.4 1.3 4.4 
2II 6.8 1.8 405 
222 7.5 I.5 5.2 
217 7.5 1.5 5.3 
210 9.3 I.2 5.0 
6 210 7.3 107 5.6 
224 7.5 3.8 5.7 
224 7.2 1.9 6.2 
226 7.6 1.7 3.2 
225 7.8 1.6 5.6 
224 9.8 1.5 5.7 
5 220 7.6 1.7 109 
223 7.6 1.7 7.2 
223 7.6 I.7 6.2 
220 8.;1 2.1 5.8 
224 7.5 106 4.7 
Table 5.13 
Comparative Table of Mean Results of Capacitor Parameters for 
Capacitors with different concentrations of Gel Electrolyte. 
~ Silica in Gel Electrolyte 
-O~ '8~ 7~ 6~ 5~ 
Initial Cap. 209.2- 207.7 205 .• 8 2II.0 2II.7 
Tan d. 5.7 5.1 5.4 5~4 5.4 
Leak I. I.I I.I I.2 0.9 I.O 
-55 C Cap. 168.5 I75.7 176.8 180.2 183.8 
Impedance I.O I.7 2.2 2.0 ~.I 
%/$1 19.4 15.4 14.1 14.6 13.2 
After Cap 209.0 207.8 205.3 214.3 212.0 
IO 
Temp •. , . Tan d. 5.9 5.4 5.7 5.5 5.7 
Cycles 
Leak I. I.2 I.3 I.3 I.3 I.I 
-I25 C Cap. 220.2 219.2 215.7 222.2 222.7 
Tan d. 7.2 6.8 7.8 7.9 7.9 
Leak I. 2.4 2.4 I.5 2.0 I.8 
%/iJ 5.3 5.6 4.8 5.3 5.2 
lit)! Cap. 2II.0 208.3 207.5 2IO.3 2II.0 
VibJ:' 
Test. Tan d. 6.0 6.3 6.3 5.6 5.7 
Leak I. I.I I.2 I.5 I.6 2.2 
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CHAPTER 6. 
6.1. Conclusions. 
The differential capacitance of the tantalum electrode in a 
nlunber of aqueous electrolyte solutions containing simple inorganic 
-2 
anions is belm; 9 pF cm at all potentials in the experimentally 
accessible region. The low values are attributed to a thin layer of 
protective oxide "hich thickens at the more positive potentials. 
In oxalate solutions for a concentration range of at least 0.0135 to 
0.5H,and over the polarizable region of -0.8 to -0.3V, the capacitance 
is much higher and corresponds to that expected for a clean metal 
surface in contact with an aqueous solution. 
The point of zero charge potential must lie outside the 
experimental region because no concentration dependent diffuse layer 
capacity minimum was found. 
Field recrystallization of tantalum pentoxide'is considerably 
reduced during anodization in gelled electrolytes compare,d to that 
in silica free sulphuric acid electrolytes. 
The onset of scintillation occurs at a higher voltage for the 
gelled electrolytes. Scintillation voltage increases with temperature 
of anodization for both electrolytes, the voltage always being higher 
for the gelled electrolytes. 
The reduction in field recrystallization and higher scintillation 
voltage for the gelled electrolytes is beneficial for capacitors 
because the leakage current across the dielectric will be reduced. 
The other properties of tantalum pentoxide are unaffected by 
anodizing in gelled electrolytes, and there is no evidence for 
silica incorporation in· the oxide. 
The addition of silica to sulphuric acid or to potassiwn 
chloride solutions leads to a reduction in conductivity except for 
O.OOlD II2S0 4 and O.OlD KCI where the conductivity increases, 
probably because there is a surface conductivity contribution at 
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thcse 10" electrol),tc concentrations \"hich is the major contribution. 
For all silica and electrolyte concentrations the conductivity, 
and therefore the gel structure,are depcndent on the method and 
degree of dispersion of tpe silica in the electrolyte. The use of a 
plunger mixer produces gels \,'hich exhibit a reproducible conductivity. 
The reduction in conductivity of the electrolytes on addition 
of silica is· due to the loss in conducting volume as silica is 
effectively an inert insulator, \d th a further reduction in 
conductivity due to the increase in path length of the moving ions 
as they move past the insulating obstructions. 
The effective density of silica in the gelled electrolytes is 
1.66 ! 0.03 g cm-3 compared to the valuc of 2.2 g cm-3 for the 
silica povder alone. Use of the effective density of silica in 
calculating the volume fractions of silica in the gel required to 
evaluate the conductivity obstruction equations allows the reduction 
in conductivity of silica/electrolyte systems to be predicted 
accurately from the conductivity of the silica free electrolyte and 
the "t5b of silica in the gel. 
Calculations are given which sho,~ that an extensive 3D gel 
structure is possible from "ell dispersed silica aggregates at Go} 
concentration in 40% sulphuric acid. 
The influence of the mode of dispersion of silica in acid 
electrolyte on the properties of capacitors 'cas very small, and the 
well dispersed gels produced by the standard method are possibly less 
useful than the poorly dispersed production gels because of their 
1 
-550C' d o,,,er l.mpe ance. 
The effect of gel concentration on capacitor performance ,,'as 
small, but 3. ~b may be the optinrum concentration for case of 
handling and ovcrall capacitor performance. 
6.2 Further Work. 
There is a considerable amount of further investigation 
required on many aspects of this work. 
The tantalum and T~Ta205 electrodes should be examined 
in solutions containing other complexants of a similar type 
to oxalate where the experimentally accessible potential 
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range might be wider, or possibly include the point of zero cbarge 
potential. The use of the new techniques of rapid measurement 
of impedance using computer control being developed at present 
would be of considerable advantage in this system where the 
protective oxide film is difficult to force off the metal. 
The rheological properties of gelled electrolytes should be 
examined to determine the minimum quantity of silica required to 
gel the electrolyte at each electrolyte concentration, and the 
relative strength of the various gels. The effectiveness of the 
different methods of dispersing the silica should also be 
investigated in addition to the effect of the method of 
dispersion on the final conductivity of the gel. These measurements 
would be of use in explaining the influence of the gel structure 
on the conductivity, and may lead to a better understanding of 
the gel structure itself. 
A cryostat should be constructed to enable accurate 
conductivity measurements to be made at _550 C, and also to allow 
o 
a more precise comparison of the -55 C impedance of capacitors 
containing various gelled electrolytes which is of commercial 
importance. 
The design of capacitors with a longer conducting pathway 
through the electrolyte between the electrodes should be varied 
to allow an increase in the dependence of capacitor properties 
on the electrolyte to aid the formulation of the optimum gel 
composition. 
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